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PREFACE 


Thib book jb meant as an introduction to the study of fine 
structure in line spectra for those who are already familiar 
with the elements of spectroscopy The study of fine 
stiucturc has already led to many important facts concern- 
ing the constitution of atomic nuclei, and will certainly 
lead to more It is hoped that this short survey will piovc 
useful to the student who contemplates undertaking reseaich 
in this branch of the subject The experimental and theo- 
retical material is accumulating at a very rapid rate, so that 
no claim to completeness can be made, but the moic 
important facts known up to date have been included It 
has not been considered advisable, because of lack of space, 
to treat the Zeeman effect m detail, so that only a brief 
summary is given in an appendix 

I take this opportunity of expressing my thanks to Di 
W E Williams of King’s College, London, who has com- 
pletely revised the manuscript and made many valuable 
and helpful suggestions 

I also wish to thnnk Miss E Pincasovitch, who has kindly 
executed all the diagrams for me 

S T 


Imperial College of Science, 
London, Fefouary> 1935 
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FINE STRUCTURE IN LINE 
SPECTRA AND NUCLEAR SPIN 


CHAPTER I 
INTRODUCTION 

It has been known since the closing years of the last 
century that some of the lines of the spectra of a number of 
elements were not single lines When examined with 
high resolving powei instruments they were found to be 
complex gioupg of lines, and this complexity has been 
termed the fine structure of the line in question A coni' 
plex line may consist of a numbei of components, the 
intensities and spacings of the components not necessarily 
showing any apparent regulaiities These structures have 
been a puzzle to spectroscopists for many years 

Recently the study of the fine structures of spectral lines 
has assumed more and more importance, for it has been 
shown that these structures are due, either to the existence 
of different isotopes, or else to the fact that the atomic 
nuclei themselves are associated with a spin A careful 
analysis of fine structures has led to the discovery of very 
impoitant facts concerning the constitution of atomic 
nuclei themselves 

Since the physics of the nucleus promises to be one of 
the most fruitful fields of investigation, it is worth while 
to mention very briefly the different methods that have 
been developed for attacking the problem of the nucleus 
These may be broadly classified into three mam methods, 
namely Radioactive, (b) Magnetic (e) Spectroscopic 
It is not the purpose of tins book to deal with ( a ) or (Z>), 
but they will be briefly mentioned Radioactive experi- 
ments first pioved the existence of a small massive nucleus 

i 
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m the atonty and then showed that the heavier radioactive 
elements nave ionised helium atoms as constituents It 
has recently been demonstrated that the neutron, which 
is an uncharged Combination of electron and proton, ih 
also one of the building atones of the nucleus and evidence 
of the existence of a positively charged election has been 
recently discovered The magnetic method of studying 
the nucleus hag not yet been fully developed, and all that 
need be said is that the magnetic properties of the nucleus 
itself will contribute an effect in the Stern-Gerlach experi- 
ment of deflecting atoms in non-uniform magnetic fields 
The purpose of this book is to discuss one of spcctio- 
scopic methods, namely that of fine structure in the line 
spectra of atoms Spectroscopy has developed two quite 
distinct lines of attacking the problem of nuclear structmc, 
which strictly lead to different nuclear properties The 
first method is to measure alternations of intensities which 
occur m many band spectra Line spectia are emitted 
by electron transitions in atoms y while band spectia arc 
produced by electron transitions in molecules The simplcBt 
type of molecule is the homogenous type, consisting of 
two similar atoms, eg 0 9 or N a Oxygen and nitrogen 
have more than one isotope, but homogeneous molecule* 
are those in which the two constituent atoms are siinilnr, 
eg Oia-i6 and N 14 _ 14 , so that while the molecules O 10 ~ 17 
and N 14 _ 16 are oxygen and nitrogen molecules respectively, 
they are not homogeneous When a homogeneous mole- 
cule erruta a band spectrum it is found that the IntensitlcH 
of alternate lines of the rotation spectrum bear a fixed 
relation to each other, Theory shows that the alternations 
in intensity are due to the fact that each of the constituent 
nuclei of the molecule possesses a mechanical spin which J« 

some small multiple of — , h being Planck’s constant. 

The numerical value of the intensity ratio depends upon 

the spin I where I Is a simple number which is called 

the nuclear spin The alternations in intensity are puicly 
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statistical effects and arise because the nucleus possesses 
a mechanical moment Experiment shows that the 
hydrogen nucleus which is a single proton has a mechanical 

moment ^ — , that is I -J for the hydrogen nucleus 

2 7T 

It has been found that the nuclear spins, even of heavy 
atoms, are either zero 01 small half integral multiples of 

^ (excluding the cbbc of nitrogen and H* for which I = i) ; 

it cannot therefore be assumed that the whole nucleus 
spins like a top, and the reasonable assumption haa been 
made that only a small limited number of the nuclear 
particles possess this property Since the spinning pai- 
tides have an electric charge, one would expect that, in 
general, a magnetic moment should be associated with the 
mechanical moment This magnetic moment couples 
with the magnetic moment of the valency electrons of the 
atom and the terms of the line spectrum arc split up into 
two or more energy levels The term of a spectrum are 
due to the various possible orientations and values of the 
external electron magnetic moment, and the splitting up, 
or “fine structure” as it is called, due to the nuclear mag- 
netic moment 

The magnetic moment of a spinning nuclear proton is 
approximately two thousand tunes smaller than that of 
a spinning election because of the large mass difference, 
so that the intervals between fine structure terms will be 
very much less than those between tho ordinary “ gross 
structure ” terms of the spectrum* It is at once apparent 
that the examination of fine structures can give information 
both about the mechanical and magnetic nuclear moments. 
Furthermore, very valuable data about isotopes have been 
deduced 

The measurement of fine atructuics in line spectra 
presents a number of experimental difficulties, due mainly 
to the minuteness of the scale of the structures. Observed 
fine structure separations vary from about 2 cins to 
ooiocmsr 1 , but much smaller structure must occur which 
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cannot os yet be measured With such close laics, n 
large dispersion combined with high leaolving power 
becomes essential, while a too powerful excitation of the 
source will widen the lines beyond then natural widths 
which may become of the same order or even greater than 
the fine structure separations The term " fine stmeture 11 
haB, m the past, been somewhat loosely employed to denote 
the structure of a close group of lines winch m a low 
power spectroscope may nppear as a single line The 
complexity may be due to intrinsically diffcient caiiBes 
The ordinary " multiplet ” lines due to the existence of 
two or more valency electrons aie, m most spectra, suf- 
ficiently widely separated that they can he resolved with 
the lowest power spectroscope In certain instances this 
separation may be so small that it requnee extremely high 
resolving power instruments to detect it, In order to 
distinguish the complexity of a line which arises from a 
purely nuclear effect (whether due to spin or isotopy) the 
term “ hvperfine structure ” has been frequently employed 
Tq avoid unnecessary printing, this is simply referred to us 
M fine structure/' while “ gross structure ” is employed 
in connection with multiples in any cases when con- 
fusion might arise 



CHAPTER II 


WIDTHS OF SPECTRAL LINES 

In general the fine structure components of a line lie very 
closely together and care must be taken to employ sources 
which will give narrow lines For a hot arc in air, or a 
condensed vacuum discharge, line widths of the order 
of o i cm _1 are not unusual Such lines cannot be in- 
vestigated if the structures aie nairow, since the individual 
components arc so broad that they overlap and cannot be 
separated, no matter how high the resolving power of the 
instiument may be vSeveral independent factors contrib- 
ute to give finite widths to spectral lines and these will be 
briefly considered 

Doppler width > 

Since the atoms which emit the observed light possess 
different velocities of thermal agitation, an observed line 
consists in reality of a band of frequencies The velocities 
of the atoms correspond to a Maxwellian distribution curve 
If the atoms emitted a truly monochromatic radiation, tho 
effective observed wave-length of the light emitted by atoms 
moving towards the observer is decreased, and the observed 
wave-length of the light given out by atoms moving away 
from the observer is increased This alteration in wave- 
length is proportional to the velocity of tho particular 
atom in the line of sight, so that instead of an infinitely 
narrow line, a broadened line is observed, and the intensity 
distribution in the lino is the same as the distribution of 
the velocities in tho Maxwell curve 

A measure of the breadth of a line is its width at the 
point corresponding to half the intensity of the maximum, 

5 
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It can be easily shown that the thermal width of a line is 

/T 

proportional to y- , where T is the absolute temperature 


and in the mass of the ntom emitting the nuliation The 
width due to thermal agitation becomes a very serious 
factor in the ease of the lighter elements, and it can be 
reduced by cooling the discharge tube with liquid air 


Reversal 

It frequently happens that the radiation from a hot source 
passes through a cooler layei of the same vapour and as 
a result the central radiations of some lines arc paitially 
absorbed The amount of absorption depends upon the 
number of atoms in the cooler vapour which arc in states 



B 

Fig, — A ShowB how a lino Jb broadened by self-absorption 
B Shorn how further self-absorption produces rcvcrsnl 

suitable for absorption, so that the effect varies with dif- 
ferent lines and different excitation conditions At first 
the only result of absorption is the apparent broadening of 
a line, The effect is shown in Fig iA The original line 
is shown at rt and partial absorption of the central radiations 
result? successively in b and then in <?. Fig iB shows that 
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'when the central absorption becomes more pronounced 
a spurious doublet is the result, and care must be taken 
to avoid this 

Stwk effect 

The broadening produced by thermal agitation is usually 
not so serious as that due to Stark effect It was discovcied 
by Stark that a sufficiently intense electric held influences 
the positions of the electrons so that the terms are split m 
a manner somewhat analogous to the effect cliscoveied by 
Zeeman with a magnetic field The effect of a stiong 
electric field ia to split up each line mto a group of com- 
ponents, but in the usual sources which are employed for 
spectroscopic purposes, the fields are auch, that the lines 
are merely broadened The best way to reduce Stark 
broadening ia by using the Paschen hollow cathode type 
of discharge, in which the whole discharge is within a 
conducting cylinder so that the electric fields are negligibly 
small, except at the circumference of the discharge 

Line wtdth due to collision and pressure 

Atoms which are struck bv others, either just before or 
at the instant of emitting radiation, are affected so that the 
wave-length of the radiation may be increased or decreased 
The average result in a vapour is the production of 
broadened fines, and since the number of impacts increases 
with the rise in pressure, it is advisable to work with as 
low a pressure as possible, More important than direct 
impact is the effect of the inter-atomic electric fields which 
produce serious Stark broadening 

With suitable precautions lines can be made very sharp, 
and in order to take full advantage of the sharpness, in- 
struments with very high resolving powers should be used 
For a full discussion of the possibilities and ranges of the 
instruments regularly employed for fine structure observa- 
tions, the reader is referred elsewhere 1 For the visible 
region of the spectrum the silvered Fabry-Perot etalon 
is most frequently used, and m the ultra-violet region, 
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quartz Lummci plntea and the icflecting echelon aic now 
being regularly employed The most frequently uhcJ 
sources are the Schiller modification of the Paachen hollow 
cathode discharge, 3 cooled alCB, Geiaslei Lube dischmgen, 
and high frequency excitation at low pressures 

REFERENCES 

1 W E WiUInma, 11 Applications of Intcrforomctry ° (Molhuun, 

1Q10) 

■H hcli (Her, Zoit /< Phys , 59, 149 , 193° 
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MULTIPLICITY IN LINE SPECTRA 

In older to be able to understand the origin of the line 
structures of the spectra, it is necessary to have a cleai 
understanding as to how gross structure multiplets arise 
It is not possible to give a comprehensive account here, 
and for a full treatment the reader is referred elsewhere 1 
The more important general features, in so far as they bear 
upon the subject of fine structures, will, however, be dis- 
cussed here It will be assumed that the reader is familiar 
with the elementary Bohr theory of the hydrogen atom, and 
also understands how the Periodic Table has been built 
up by the process of completion of the electron shells An 
excellent introductory account is given m Johnson's 
“ Spectra " in this seneB 2 The simplest type of spectrum, 
namely that arising from a hydrogen-like atom such as 
sodium, will first be discussed Such an atom possesses 
only one valence electron, the transition movements of 
which give rise to the optical spectrum The discussion 
will then be extended to two electron and later to more 
complex cases by the help of a vector model Although 
the wave mechanics haB Bhown that the vector model is 
not completely exact, yet it is extremely helpful and valu- 
able as an aid to the solution of gross and fine structure 
problems and sufficiently correct for our purposes 

Oiic-electron spectra 

A convenient example of a hydrogen-hke atom is sodium, 
which consists of a nucleus and eleven outer electrons 
In this atom, two inner electron shells, namely the K and L 
shells arc completely filled, and in the thud shell there is 

9 
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one electron, the valence or optical election For spectro- 
scopic purposes the first shell is denoted bv the numbei i, 
the second by 2, etc In the vector model of the atom* 
each electron is considered to be spinning, the mechamcnl 
moment of the spin being the same for each electron and 

equal to 8 « — where and h is Planck’s constant 3 

2 7T 

8 is called the spin quantum number of the electron 
Since, m addition, an electron iota tea m ita orbit, it a ho 
possesses an orbital angular momentum, and tho value of 

this orbital momentum is 1 — for each electron, where 1 

27 r 

is called the orbital quantum number In contradistinction 
to the spin, different electrons may possess chffeient 1 
values , they may have any of the values o, 1, 2, 3, 4, etc , 

TABLE I 


l value 

o, 1 , 2 , 3, 4- 

Electron designation 

t, p, <1, /. 

Atomic state 

S.IMMMJ,. 


according to the eccentricity of the orbit 111 which the 
electron moves 

In general an electron moves in an elliptical and not m 
circular path around the nucleus, and oibits of tho same 
energy, but of different eccentricities, me possible for a 
given electron The numerical value of 1 is a measure oj 
the elhpticity of the orbit ) the smaller the 1 value, the more 
eccentric is the path An orbit of given eccentucity is 
designated by a letter, the letters corresponding to different 
1 values The particular letters which are employed arc 
so used because of historical associations Rows one and 
two of Table I bKow the electron designations for vanouE 
1 values 

i v It, will be recalled that the first orbit is termed a 1 orbit, 
thasedpnd a % orbit, etc,, and an electron m any orbit mai 
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have any of the 1 values Thus an electron m the first 
orbit with 1 = o is called n is election and similarly, for 
example, ail electron in the second mbit with I — i is 
designated as a 2 p electron Using this notation the com- 
plete structure of the normal sodium atom, which possesses 
eleven electrons, is written as i-f 3 , w 2 , 3s, meaning 

that there are two is electrons, two 2 s, six 2 p and one y 
electron 111 the whole atom The number of similai or 
“equivalent” electrons, as they are called, is indicated by 
the index The optical spectrum is produced by movements 
of the 3s electron, for the inner shells, the first with two and 
the second with eight electrons, are completely filled, and 
only contribute to the spectrum in so far as they screen off 
the nuclear charge from the valence, or optical electron, as it 
is called 

Spectral terms of a one-electron atom 
By " one- electron atom 3 3 is meant an atom with one 
valence electron, such as sodium or caesium In such an 
atom only this one valence electron comes into consideration 
spectroscopically The electron possesses both a spin and 
an orbital motion, and being a charged particle, these two 
angular momenta produce magnetic fields The spin 
magnetic field and tne orbital magnetic field interact with 
each other so that in effect the mechanical spin s * and the 
mechanical orbital moment 1 combine together to form a 
resultant by virtue of their magnetic fields This resultant, 
called the inner quantum number, is denoted by the letter j 
and is obtained by the vectorial addition of 1 and s, that is 
to say j = 1 + 8 Since s is constant and equal to J, and 
as 1 varies for different types of orbit, it follows that the 
inner quantum number also varies for orbits of different 
eccentricities The sodium atom in the normal unexcited 
state has the optical electron in the 38 orbit and as seen 
from Table I the 1 value for an 8 orbit is zero, so that 

# It la usual to omit the — factor aince this is always understood 

2TT 

The letters 1, 8, J represent vectors, and are therefore in heavy 
type 
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j ^ o, ie j — J, The same la true for 4$, $s t 
etc , orbits 


Term notation 


Up to the pie sent only the notation foi the optical elec- 
tron itself has been considered, and a further symbol * n 
required to describe the energy of the whole atom when 
the optical electron is in a given orbit When this electron 
has a given 1 value the atom itself is said to be In a given 
state, corresponding to the values given in the third ro'V 
of Table I , and it is seen that in the case of a one-electron 
atom, the letter designating the state is the same as tlirtt 
describing the electron, except that capital letters are used 
foi atomic states and small letters for electron orbits 
atomic state is virtually a description of the energy and 
position of the optical electron, and the different states, or 
different energy values, which make up nil the energy 
levels out of which the spectrum arises, are called termB. 
To make this clearer, it will be seen that, for example, U 
number of S states areposBible for 3^ 4J, 5J, etc , electron B, 
and each of these is called an S term 
In describing a term, the j value is written to the right. 
For example, in the term arising from a 31 electron, sinco 
j = J a a Si/ term is formed. The left-hand upper sub- 
script ib Called the term multiplicity, and indicates tho 
maximum number of values J can have For it will bo 
rem^rfitered that j is the resultant of the vectorial com- 
bination pf 1 and S, and in general a number of resultants 
are.pb^aible. If 1 ib greater, than zero, J cannot have moro 
thap ^-pi values This cart be seen as follows, Smto 
s adds vectoriftlly to 1 thelVahW of j vary between I -|- B 
and 1—8, e^ch value dimitilehlng jpy one, 1 e 


\,f\ - ' ) (l +:*) • j-/! +■ «■- Ot (i + a)* 

.There art therefore 28 + i 1 Valuhe, aotuhfcf the term multi- 
iplirifty'iasgivem, by 28 +-i' InitH^dmsdpnalcfored above. 
a ? 1 the multiplicity i^tWpi;|p^i®#M 8 callocl n 
doublet rtrm In more compjejcrtfatp^^^^vo other 
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values, and when 8 = 4, 1, ij-, 2, etc , the terms are called 
doublet, triplet, quartet, quintet, etc , the multiplicity 
subscripts being 2, 3, 4, 5, respectively 

Consider what happens when the sodium atom is excited 
so that the optical electron 19 forced out of its normal 3 s 
orbit into the higher orbit Since the electron is now 
m n p orbit, the I value is 1 (see Table I ) and the atom is 
in a P state Two values for j arc now possible, namely, 
that in which the electron spin 8 is parallel with 1 and that 
in which it is anti-parallel There are thus two Values of j 
namely, j = 1 zk 81 he, j — 1 ± £, so that j may be equal 
to | or J It follows that two terms are formed, these being 
a Pi/ t and a P b/ b The terms are doublet terms, as s = 4 for 
the single electron concerned, and, ns just shown, multi- 
plicity is 28 -(-i It is easy to see that a 3 d electron 
(with 1 ~ 2) will produce “Do/, and a Di /a terms in a similar 
manner. Since, say, a *Pi/ a term may be produced by either 
a 3 p } 4 py 5 p, etc , electron, it is customary to specify the 
terms more completely by writing the designation of 
the optical electron before the term For instance, the 
a Pj/, terms produced by 3 p and 4 p electrons respectively, 
are described as 3 p 2 Piy a and 4 p s Pi / a Other examples 
are, say, 4 d a D^ a and 5 f s Fr^ a , etc A line transition from 
a 3 j!) to a 3<r orbit would be written as 3$ 2 Si/ t — 4 p a Pa/ a 
as a particular Instance 

Terms m alkali spectra 

The terms which arise in alkali spectra are shown 111 
Fig 2. AU the terms other than S terms are double, 
since two values for j are permitted, whereas for the S 
terms z\ + 1 = L 

In the two components of a doublet term, e g 4 p 2 Pi/ t 
and 4 p a P i/ t that with the smaller j lies deepest, and such a 
spectrum is called a normal spectrum In some atoms the 
terms are completely inverted, the biggest J value lying 
deepest and there exist regular intermediate stage gradua- 
tions between normal and inverted spectra 

A group of terms such as 3 p a Pi/ t , 4/> a Pi/ B> $p 2 Py al etc , 



I4 FINE STRUCTURE IN LINE SPECTRA 

is called o sequence of terms, and each sequence tends to 
common limit winch represents the ionisation limit of the 
atom* When the optical electron is lifted to this limit it 
does not fall back, but leaves the atom, which is then 
charged, and is called an ion The number 3, 4, ^ ^ etc.p 
before the p m the term designation is called the current 
total quantum number n y and Fig 2 shows that the mtcivals 



Fig, a — The term scheme of sodium and the filknU-liko ntoma* 


between the components of a doublet term steadily diminish 
a9 n y the number of the orbit the optical electron occupies, 
increases 

When the electron is excited and lifted up to a high 
01 bit, it tends to fall back to a lower orbit Not a I! transi- 
tions are possible, and amongst those which do occur some 
nre more probable than others Transitions are limited by 
a selection principle which states that 1 must change by ± x 
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IS 


and j by dr i or o, the transition A j =* o o being ex- 
cluded Under special conditions of excitation these rules 
may be violated* but such departures need not concern us 


at present 

As A 1 = dz L transitions from S to P or P to D for 
vice versa) are allowed* but an S to D transition is, for 
example, forbidden All the transitions, from, say, a given 
4 P to a given S D T 

state, that are J 


allowed by the j 
selection principle, i 
together form a J) 
multiplex , and the 
multiplet is named 
according to the 
multiplicity of the 
terms involved, 

1 e m this case it 
is called a doublet 
multiplet A 2 p 
typical doublet * 
multiplet is illus- 
trated in Fig 3, 
which shows how 
a multiplet 

arises Some 
transitions are 
more probable 
than others, re- fiq 
suiting m lines of 
differing intensity, 
and in the iIIub- 



3 — A typical doublet multiplet , note 
that three lines are produced but the 
doublet name is derived from the term 
multiplicity 


tration the heights of the lines are drawn proportional to 
the line intensities The intensities of the components 
of a multiplet obey laws which arc very similar to those 
obeyed by fine structures, and since the latter have to 
be considered m detail, it will be sufficient to state the 
M sum rule ” which governs the relative intensities of the 
components of a given multiplet, Simply stated, the rule 
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is that the sum of the intensities of all the lutes coming 
to any given j level is proportional to aj + i It is to be 
noted that a doublet multiplet can consist of more than 
two lines , the doublet appellation refers to the mnUipheity 
of the terms and not to the number of lines m the multiple t 
patterns 

Tzoo-elcciron spectra Electron couplings 

Having examined the ntkah-liko spectra, the next step is 
to discuss the spectra produced by atoms winch have two 
valenco electrons, eg Ca or Hg, etc The two valence 
electrons interact with each other, and as the principles 
employed here aic fundamentally the same as those for 
more complex electron systems, they will be discussed ui 
detail As m the previous case considered, each of the lv?o 
valence electrons possesses n spin angular momentum 
s - and an orbital angular momentum 1 which may 
have any of the values i , 2, ^ , 4, 5, etc There are, therefore, 
four vectors to take into consideration, and these m»y 
combine m different ways to form a resultant J which Will 
lcprcsent the totnl angular momentum of the atom ( 'Ik 
the vector notation small letter i are used to retncml specific 
angular momenta for individual electrons , ana cafntql letters 
for resultant sums ) The vectors may combine in a variety 
of waya mid one may distinguish two extrema type* bf 
coupling called LS * and jj respectively 

LS Coupling 

There arc four vectors which will couple in a two electron 
atom, namely, a x and a a , die two electron spins, and l x 
and l a , the two orbital angular momenta Xn LS coupling, 
the binding between tho spins a t and & t is so tfrqng that 
these form a resultant spin S , Correspondingly* the bind* 
mg between the two orbital angular momenta l % and U U 
very ationg nnd these add up to form u resultant OrJXlUd 
lingular momentum L. It means, thctqfora,. link- 

r * + •»>! 

• Thin typo is oficu termed Russol-Saunder^ 
dlutovorcnt /i . t 'i\ ■ 
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age of the mutual spins is so strong that it is not influenced 
by the orbital angular momenta , at the same time, the link- 
age of the orbital angular momenta is so strong that the 
electron spins cannot affect it There are now two resul- 
tant vectors S and L and these in turn couple to fonn a 
resultant J As in the simple alkali case, the multi- 
plicity is now aS + i * Furthermore the term type is 
determined by the numerical value of the icsultant L, 
ic for L = o, i, z , 3, 4> 5, etc , the terms arc S, P, D, 
F, G, H, etc It ts important to notice that the tom letter 
votation is not the same in capitals as the lettei notation of 
the optical electron in small letters \ as was the case with 
hydrogen-hke spectra The selection xulcs now become 
A J = ± 1 or o [o ^ o excluded] 

AL= ±1 


jj coupling 

Whereas 111 LS coupling all the spins unite to fonn a 
icsultant spin S, and all the orbital momenta form a 
resultant L, the case called jj coupling is very different 
The same four vectors s lf s 2 , l lt l a are undei consideration, 
but the mode of combination is altered Here tfie coupling 
between the and l x of the one electron is so strong that 
it forms a resultant j x Similarly the spin and orbital 
momenta l a of the other valence electron form a icsuI- 
tant j 2 The other possible influences arc not sufficient 
to break these pairings so that the two lesultants j L and 
j a now couple to form a resultant J Summarising then, 
m LS coupling all the I values form a resultant L and 
the 8 values a resultant S which then combine to form 
J, whilst in jj coupling the 1 and a of each election com- 
bine to a icsultant j for each electron, and then nil the j 
values add up to form J 

Regular intermediate stages exist between LS and JJ 
couplings and these are conveniently shown below f 

# s has alwnya the value 1, but JS, being n resultant, mny hnvo 
othar and larger values 

| See Pauling and Goiuhimt, 11 Structure of lane Spcttiii ” 
(■ 931 ) 
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= {LS} = J 

' = {JiJti - J 

(1) 

: (8iIi)(8 2 I a )J 

0=0 


= {(Ji 8 «)l«} - J 

(•0 


= {(J^W - J 

( 1 ) 


Two vectors within a bracket arc directly coupled together. 
The first and second cases are the LS and jj types atieady 
mentioned In case (i), couple to L and to S* 
finally L and S give J In case (2), s ^ form j x nnd s a l u 
form j 2 , finally and j 2 give J. 

In the third case 8,^ give a resultant i L which breaks up 
the link between 8 fl l a mid first combines with s a The 
vector pair j x 8 B then combines with l a to give J The 
fourth case is similar, except that jj first binds itself with 
instead of a 2 

It can be shown that no matter what manner of coupling 
may exist, the number and type of the terms which arc pro- 
duced by the vector combinations remain the same , 
this has considerably simplified analysis The multiplicity 
has been defined as 2S + i, but since it is only in pure L!S 
coupling that a resultant S exists, the multiplicity for JJ 
or intermediate stage coupling has, in this sense, no run l 
meaning Aa, however, the number and type of teririH 
are independent of the nature of the coupling, it is con- 
venient to use the same notation, for the multiplicity given 
the number of terms, independent of the existence of S 
The greater number of actual spectra hitherto analysed 
are cases of the LS typo of coupling, winch will be illus- 
trated by an example, 

Graplncal representation of coupling processes, 

As a typical example of a two-electron Bpectrmn of the 
normal type, calcium will be considered. In the nounut 
state calcium has two valence electrons, both of which 
are in 41 orbits and either of these may be excited, either 
separately or simultaneously. Let us first consider the 
case when only one of the valence electrons Is excited, the 
other remaining permanently in its 4? orbit The option! 
electron may go either into a m, n p> nrf, etc , orbit according 
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to the excitation energy imposed upon it, and the two 
electrons with their different energies interact to give a 
resultant J. In calcium, the coupling is LS in type, 
meaning that the electron spins unite to a resultant S ami 
the orbital momenta to a resultant L. Two distinct 
classes of terms arise, those in which the two electron spinB 
s x and 8 a oppose, giving a resultant S = 0, and those in 
which and s fl add to form a resultant S = 1 The first 
group is a singlet group, the second a tuplet (multiplicity 
= 2S + 1) The optical electron mav have varying L 
values so that a set of singlet and a set of triplet terms arise 

The wiglet set of terms are quite simply formed The 
normal state of the atom is that m which both electrons arc 
in 4s orbits, and therefore each has l x = 1 9 = o In the 
singlet system S = o and as the resultant L also equals 
7 ero, it follows that J — L + S = o so that the deepest 
term of the spectrum, 1 e the normal term, is 1 S 0 or, moie 
accurately described, 4s 8 ^-Sq When the optical electron 
moves to 5 j, 6$, etc , the terms formed are 4 s 5s 1 S 0 , 4 s . 6s 
1 S 0 , etc , so that a sequence of 1 S 0 terms is produced In- 
stead of going into an s orbit, the optical electron may be 
lifted into a p orbit, for which L 1 As before, the 
resultant S still equals zeio, but the resultant orbital 
momentum L is equal to l x l fl = 1. The teim therefore 
is a 1 P term and as J = L + S it is a term Similaily 
when the optical electron is lifted to a d orbit, a term 
is formed, etc 

In order to see how triplet terms arise, a vectorial graphi- 
cal representation proves useful The tiiplet system is that 
in which the two electron spins s Jl and s a act parallel so 
as to produce a resultant S = 1, Owing to the Pauli ex- 
clusion principle, it is impossible to have two electrons 111 
4 s orbits with their spina parallel, for the Pauli principle 
states that no two electrons can exist together m the same 
atom if their n, 1, j and m values are the same (m is the 
magnetic quantum number which exists when the atom is 
in a magnetic field)* Tins principle, therefore, oxcludes 
the possibility of having two 4s electrons with their Bpins 
parallel The first allowed state Is that in which, as before, 
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one electron remains permanently in the 4$ orbit and the 
other goes to a 55 orbit Since the spina are parallel, 
S = + s 0 n= i, but L = l a + l fl =» o for both electrons 

are in s orbits Hence as J *= L + S a 3 S X term is 
formed The optical electron being also capable of moving 



^ ^ whole sequence of 8 8 x terms is similarly 


^ataon of Fig 4 enables us to 
electron is lifted into a p orbit, 
and s 2 =s while the 
^4* ! 'the two spins s l and 
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8 fl have formed a resultant S = i, and similarly l t + l a — r 
From this it is seen that J can have any of the three values 
o, i, 2 t and the terms 8 P 0( a P 1 /P a are produced From the 
graphical point of view, it is very useful if we start from 
the 2 Si/ p ion term That is to say, consider the atom ionised, 
m which state the optical electron is completely removed, 
leaving the other valence electron in the 4s 1 orbit 

The tontsed atom will now be in a state identical with the 
normal state of the one-electron type of atom } 1 e in a 2 Siy t 
state Now, to produce a Ca I atom with one electron in 
a p orbit all that is necessary is to add the vector represent- 
ing the p electron to the vector representing the a Si/ t state 
of the Ca II atom This is shown in Fig 4 Tne left, 
A, shows the a Si/ p ionic term of Ca II 111 which the only 
existing vector is the electron spin, s A — -fc, of the 4 s elec- 
tron This is shown vectormlly by a thick hollow arrow m 
the vector picture at the right of the term The direction 
of the resultant J is shown by means of a dotted arrow, and 
of necessity coincides with the direction of s A in the B Si/ 1 
term The effect of adding a 4 p electron to the 4s electron 
is shown vectormlly at B The orbital angular momentum 
(l fl = x) of the 4 p electron is shown by the long thin black 
arroW, and its spin (8 a = ■£) by means of a short thick black 
airow [The reason for distinguiahing between the spins 
of the 4s and <Lp electrons, although both equal will 
appear later The four terms wnich result from the 
singlet and triplet combinations of 4 s and 4 p are numbered 
at the right The first term is the 1 P 1 term previously 
discussecL In the second term all the vectors act parallel, 
and bo produce a 3 P 8 term The third term shows how 
30th the spins couple to a resultant S = x, which then 
combines at an angle with L — 1 to give a resultant J = 1 
In the fourth term the two spins still act parallel, but their 
resultant opposes L and so a °P 0 term 19 produced 

A schematic diagram of the more important terms ob- 
tained m Ca I when one of the valence electrons remains 
in the 4s orbit and the other moves successively to p t 
d t f Si etc » orbits is shown in Fig 5 As in the hydrogen* 
like spectra, all these terms tend to a limit, which is the 
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normal state in which the ion is left, in this case a 4$ 2g^ 
state* It ts very convenient to imagine all the terms of au 
atom as being built up l)y the addition of an electron vector 
to the ter/ns of the ion For example, the addition of a 
electron to the 4^ a Sy, state of Ca II produces the 1 S 0 
and 8 S 1 terms of Ca I , and, as shown graphically, a 4 p 
electron produces 'Pj and 3 P 0 , 8 P lJ a P a terms The addition 
of d y f g electrons can be made in a similar way 


Limit 4 -s 



Fio 5 - — Part of the term scheme of Ca I built upon the 41 
eerlea limit 


Call 


% 


Sefiet limits 

It h^s so far been assumed that only one of the valence 
electrons hp moved into a higher orbit, but it is possible for 
Wtfljo be displaced when excitation of the ntom takes 
phtef ,! For example, the orbit is higher than the as 
l| ^d-one eleotron may be lifted up into this oibit and re- 
1 mam whilst .the other may be lifted either to an 

■ 4' , 
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s , p , d , /, etc , orbit Or else the first electron ia lifted to 
4 p and the second to some other orbit In each case the 
terms will tend to different limits, since the ion is left in 
a different state Thus, in the first case previously dis- 
cussed, where one electron was permanently in a 4J orbit, 
the calcium ion is left in a 4s 1 2 Si/, state when the optical 
electron is completely removed* In the second case 

2 Limit 


lim it 


Fio 6 — Tho mom terms and series limits in the Bpcctrum of C11 L 

mentioned above, the electron of the ion is left in a jrf 
orbit when the optical electron is removed, so that the 
ion may be left either m a 3^ 2 Di/ t or a 3 d a Di/ f state 
It follows that all the teims of the calcium atom, which 
arise when one electron remains in a 3^ orbit and the 
other moves to other orbits, tend to two limits, namely 
*01/, and 2 D*/ t These two teims lie close together, being 
members of a doublet gioup, but arc both far away from the 
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2 Si/ t state which was the single limit renchcd by all the 
terms when only one electron was excited In an identical 
manner the terms produced when one election is in the 
orbit and the other is m some other orbit tend to the 
limits 4 p ^Pi/, and 4 p a P«/ a , which again lie close together 
but arc both far removed from the a D tcims of the previous 
case The limits reached by the terms of Ca I me shown 
in Fig 6 nnd are seen to be widely separated 

In order to be able to build up term schemes correctly, 
it is important to know exactly what the series limits will 
be, and to which particular limit a given aequence of tenns 
will converge It will be seen latei that this has a very 
important bearing upon the problem of fine structures, and 
for this reason aeries limits have been discussed here 
Complete tables of series limits have been investigated 
by Hund 4 and the reader is icfcircd to Ilund’s work for 
particular cases Hund 6 line given two sets of limits, 
one set being those to which normal terms tend , the other 
for inverted terms An example of the application of the 
rules will be given later when senes limits are applied to 
fine structures 

Equivalent electrons 

The Pauli exclusion principle strictly limits the number 
of electrons with the same n and l value In any atom In 
a given orbit there cannot bo more than a fixed numbei of, 
say, p or d or f electrons Such electrons are called equiv- 
1 alent electrons, As an example of an atom which has 
1 many ^equivalent valence electrons, the bromine atom may 
be cited In the normal state It has seven valence electrons, 

, htfp Pf which are in 4 r orbits and five m 4 p orbits The 
Configuration is called a 4s 1 , <Lp* electron configuration, 

1 Wmg'tWnotation already described The two 4 s electrons 
1 bx§ equiV^lqqt, $nd the five 4 p electrons are also equivalent 
, a closed group, and takes practically 

if' Reducing the spectrum, so that for present 

neglected, and only the 4 p h group need 
{ HQp^iaJ^ered, v The Spectral terms of the atom are pro- 
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duced by one of these electrons moving into various orbits 
In the normal state the five 4 p electrons are arranged so that 
the resultant S \ and the resultant L = 1 This means 
that 3 P teims are formed and these are the deepest lying 
terms, the 2 P«/ 1 term being deeper as the multipleta are 
inverted The remaining important terms of the spectrum 
arcproduced by the moving optical electron 
The first group of terms arises when one of the 4 p 
electrons 19 lifted up to the 5 s orbit, so that the configuration 
becomes 4s 3 4/> 4 $$ Another group is formed if the 
optical electron goes instead into a 5 p orbit, producing a 
4 s * 4 p* SP configuration, and so on Each separate 
electron configuration forms a number of terms and these 
can all be conveniently built up by treating the 4s 3 


TABLE II 


Dnsla Terms o[ tho 

Ion Br 11 

B P 


»8 

Ulerlron Configuration 

K < 

4 P' 5 s 

V* 4 P' 5P 

4»‘ 4 P* 4^ 
etc 

j P 

sp <p 

*(SPD) J (SPD) 
•(PDF) <(PDF) 

“D 

•(PDF) 

'(SPDFG) 

■s 

»p 


electron group as a cote to which the optical electron is 
added in the 5 s, 5^ etc , orbits It is seen that the process 
is not very different from that involved in build mg up the 
two-electron spectra, for m the lattci, two electrons were 
coupled together, and at ptesent one electron 10 to be 
coupled to a core 

The senes limits must he known befoi e any attempt to build 
up the terms can be made All the terms of the bromine 
atom can be predicted by means of HuikTs thcoiy, and 
the most important of these are shown in Tabic II ° 

In Tabic II the electron configurations are shown m the 
first column and each configuration produces the group of 
terms shown in the lemnining columns It is usual to 
distinguish between two chases of terms called odd and even 
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terms Odd terms Are those in which the sum of the 1 
values of the individual electrons of the term configuration 
is odd and even terms those in which the sum is even VctV 

E 




O H H 


example, in the previously considered case of Ca n 4ft 4 term 
18 4* 4 d term is odd. In Br I as* $ terms 

afe odd, 4^ 4 p p even, etc Transitions may only lake 



MULTIPLICITY IN LINE SPECTRA 


27 


place between odd and even terms These terms are some- 
times distinguished by superscripts, but since the electron 
configurations are always given here, superscripts aie un- 
necessary As Table- II shows, transitions suen as P -► P 
or P F arc possible providing they are odd-even tran- 
sitions In addition 


to this L restriction, 
transitions can only 
take place when 
A J = rt 1 or o (0-^0 
excluded) 

In Table II the 3 
basic ion terms of P 
Bi II, are shown in 
heavy type These 
are produced by the 
configuration of the 
ion Br II and are 


s eleclron added 


2 p 4 p 

u 1 % k 



normal 


the basic terms which 


iroduce the terms of 


BrI when the optical 
electron is added 
They ore also the 
senes limits, that is, 
the limits to which 
the Br I terms con- 
verge In order to 
avoid making the 
table too cumbersome 
two abbreviations arc 
used Firstly, a term 
written aa 3 P or 4 P 
means the whole se- 


3 P 


*p 'Ip 

s. \ \\\ 



inverted 


Fig 8 — Showing the difference between 
the series llmitB in normal and in 
verted spectra 


quencc of allowable J values, m these cases, 3 P 0 , n P lt °P a 
and 4 Pi^, 4 Pi/ it 4 P»/ t respectively, Secondly, a group of 
terms a S, a P and fi D is written 8 (SPD) and similarly for 
other multiplicities Each horizontal row allows the terms 
which arise from a given configuration, and the limits to 
which these terms tend is indicated by the column m winch 
the terms are found 
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The question of senes limits is of nnpoit.mce, and 
the limits foi normal and inverted spectia aic dillcient f 
care must be taken to use the correct limits The tcima in 
Br I, are inverted, a pictonal diagram of the limits is 
given in Fig 7 The terms of Br II are also inverted nncl 
this appears in the diagram The diagiam illustrates two 
cases onlv, nainely the important 4s 8 * ;j and 4s* 

terms which tend to the 3 P limit The limiting 3 P terms 
are shown by the thick horizontal lines and form an 1 in- 
verted multiplet (the drawings are schematic and not lo 
scale) as shown by the J values on the left The effect 
of adding the electron ie shown at (n) by the vertical 
lines which indicate to which limit each teun sequence 
tends For instance, a Pi/ i tends to the limit 3 Pn whilst 
a Pi/ t tends to ®P lP Conversely the “Pi/, term of Br I. Is 
formed when the 5$ electron is added to the a P 0 term of Br 
II , and the 4 Pi/, term of Br I is formed by adding the 
electron to the 8 f\ term of Br II The method by which 
this is obtained will be shown later by means of a vectoi dia- 
gram, Fig 7 (b) shows the effect of adding a $p electron 
to the ion terms, giving in fact the terms and limits of the 
4** , 4 p l 5 f configuration For comparison purpoacs 
Fig 8 shows how tne series limits for normal and inverted 
multiples are entirely different, although similar multiplcta 
are considered 

Vector coupling in homne 

The vector coupling m bromine is somewhat similar lo 
that of a two-electron spectrum and is shown for the 
4^-4^ 5$ configuration in Fig t In effect, the optical 
electrpn 5 s is to be coupled vectonally to the core 4? tt 4 
The core produces the 3 P Q) 8 P lt a P 4 inverted multiplot 
^terms shown at A, which are the series limits, so that llio 
cor*e is equivalent to a vector with L = 1 and S ^ r t 
for pnly, such resultants will give a a P multiplet * The 

n * In order to avoid complication It la assumed that strict 
1 coupling 1 ta^ea pla^o This is not true for bromine, but ns ii Hub 
' Ptfly beep chdeen a* an examplo because of its many vnUmcu 
i^leo Irons j itho contradiction Is or no cotisoqucnco hero 
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vector diagrams for the 8 P basic ion terms of Br II are 
shown to the right of the terms A, The long thin black 



( 4 /‘ 4 /) < 4 / Y 5j) 

L -1 - — S - ■k - =|> 

S-l- -► J= — 

Fio 9 — Vector coupling diagram showing how the 0 P and *V 
multiplet terms of the 4* a 4 p 4 $s configuration of Br I arise 


arrow gives the resultant L — 1 and the short thick black 
arrow the resultant S — 1 (compare Fig 4) As the teims 
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are inverted, the largest J value (2) lies deepest* As before, 
the direction of J is shown by the dotted nriow* 

The result of coupling the 55“ election to the core is show 11 
at B and this should be studied carefully The electro 11 
added in LS coupling which means that the anginal coup ft tig 
of the L and the S can he b) oken t but the individual 11 couplings 
and 88 couplings remain intact The new s value of the 
added electron may combine cither parallel 01 anti-parallel 
with the already existing S value of the core, to loun it 
new resultant S* The same is true for h (in tills uihl tins 
1 of the added electron happens to be /eio) The new 
L and S values then combine in the usual mmmei to givu 
J, The 5s electron is shown by means of u shoit thick 
hollow arrow and ts always added tn the same diricitutt 
[either positively or negatively) as the original S value of the 
core 

In the two higher lying Br I terms, the spms oppose, 
so that the resultant spin quantum number is producing 
an inverted *P doublet In the three deepci terms the: 
resultant spin of the core acts parallel to that of the 5* 
electron, so that the terms arc 4 P (S $ ami multiplicity 
= 2S + 1) and are also inverted 

The vector method just described can be used for all 
configurations if the terms predicted by Ilund’a theory 
are taken as a guide and the correct series limits used 
* 

Interval rule * 

In most of the diagrams previously given, the cxnct 
number and description of the terms of a multiplcl hint 
been given, but little attention has been paid to flic relative 
positions of the terms such, for example, as the relative 
epaemgs between the terms of 8 P group* I11 a normal 
triplet, the terms lie in the order °P 0 , a P lP *P fl1 the term with 
the smallest J value lying deepest The interval between 
the fat pair of terms is different from that of the second 
pair, because the interaction energy between the spina and 
kqgujar orbital momenta differs for the various terms, and 
the position of a term depends upon tins interaction energy ^ 
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It can be shown that, in LS coupling, the interaction energy 
between the resultant spin S ana the resultant angular 
orbital momentum L is given by E, where 

E = A' SL cob (SL), 

A' being called the interval factor for a reason which 
will appear later The interaction energy between two 
vectors is proportional to the cosine of the angle between 
those vectors, and it can be shown that the above expression 
is equivalent to 

E = % {J(J + 1) - L(L + 1) - S(S + 1)} 

This formula expresses what is known as the Land 6 Interval 
Rule, after its discoverer, and from it the ratio of the in- 
tervals in a multiplet can be calculated 

Since the position of a term is given by its interaction 
energy, the difference of energy between two terms will be 
proportional to their separations and the formula shows 
that for a multiplet group arising from a given S and L, 
the energy differences of the different terms are propor- 
tional to the differences of the J(J + 1) values With 
n 4 D multiplet group, for example, S = 4 and L — 2, 
giving four terms with the J values | According 

to the Landd rule the successive energy differences between 
adjacent pairs of terms, being proportional to J(J -f- i), 
are in the ratio 

1} (I Hi I) (! {-1 ft 

that is, in the ratio 7 5 3, or that the ratios of the intervals 
of the terms of the multiplet are the same It will be seen 
that these ratios are given directly by the latios of the 
different J values when the smallest J value is neglected, 
This simplified form of the Landd rule is true foi all cases 
in which strict LS coupling takes place It is both true 
for normal and for completely inverted multiplcts, but it 
will be obvioua that when a multiplet is paitially inverted 
the rule completely fails Whilst the ratio of the intervals 
between the terms is a function of J , their actual separations 
depend upon the value of the interval factor A' This is 
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determined by the distance of the electrons fiom ill * 5 
nucleus, the degree of penetration of the orbit 9 , the screen- 
ing effect of other electrons, and the interaction energy 
between the electrons themselves The interval factor* 


therefore, differs for different multiples, usually diminishing 
aa the n of the optical electron mcicases For this teiiaoii 



Fio, io — A typical fl D — B D multlplot 
i pattern, 


tho aepai ations in » 
say, the 4^ 4 p n I' > 
multiplct of Cm I 
aregreater than thono 
in the 4-9 5 /j 
multiplet, ultiimiffli 
the ratios of the 
intervals are tlio 
same m both cases 
(in effect, the dif- 
ercncc Is merely one 
of scale)* 

An example of llic 
line pattern formed 
by the transitions 
between two mulli- 
plet terms is shown 
in Fig 10, the cnae 
illustrated being tlmt 
of transitions be- 
tween two 6 D mu 1 1 i - 
plet term groups*. 
The interval factor 
of the upper set of 
terms 13 made less 
than that of tho 


iovyer, but the interval rule is obeyed by both The 
intensities of the lines differ according to the intcnaity 
rule on page 16* The resulting line pattern is complex 
because of the different intervat factors and the varying 
intensities 
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The line pattern of a multiplet * 

The line pattern of a multiplet can vary in width, from 
a fraction of a wave number to several thousand wave 
numbers, and various methods have been used to assist 
in sorting out members of a multiplet from a large group 
of lines The most important way ts the method of constant 
frequency differences which can be seen from Fig 10 An 
examination of the transitions shows that the two hatched 
lines ab have the same frequency difference as the two 
dotted lines cd t namely the interval between the upper 
terms with J — 3 and J = 2, respectively It follows that 
a search among the lines suspected to belong to the mub 
tiplet will reveal this common difference, even when other 
foreign lines are present It will be observed that a large 
number of common differences exist, and from these tnc 
multiplet can generally be built up, due regaid bemg paid 
to the intensities which should obey the intensity law 
There are, of course, many multiplets in which the intensity 
or interval rules break down and other means must be used 
to assist in analysis, 9uch as Zeeman effect obseivations 
For further study m multiplet analysis the leadci is 
referred to Hund’s ff Limenspektia n 
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CHAPTI'R IV 


TIIE EFFECT OF A NUCLEAR SPIN 
Nuclear spuu 

Two types of fine stiucture occur m line spectra, and these 
ariBe from entirely diffcicnt causes One type, called the 
isotope fine structure, is due to the fact that many clemcntft 
arc not simple but consist of n number of isotopes Since 
the separate isotopes of an clement have identical c\trn- 
nuclear electron configurations, the spectra emitted by 
each of these arc almost the same, and the lines of the 
one isotope practically coincide with the lines of the other. 
There is, however, in some cases, a measurable displace- 
ment for certain lines, the displacement being duo either 
to the different masses or varying electrical properties of 
the different isotopic nuclei or else to the motion of the 
nucleus In favourable cases these displacements can be 
observed as a fine structure cflcct, This will be discusied 
in a later chapter, 

The second type of fine structure is due to the fact that 
the nuclei of certain atoms have the property of n spin II 
Was first suggested by Pauli 1 that fine structuica (excluding 
isptoplc effect) could bo accounted for if it were assumed 
that the nucleus possessed a magnetic moment which per- 
turbed the motions of the external electrons Tins nuclcni 
magnetic moment would couple vectorinlly with the mag- 
netic moment of the valence electrons and behave aa if 
a new type of quantum number lmd been introduced. If 
"the nqelear end the electron magnetic moments couple 
u'iti accordance with the usual vector rules, it follows that 
^ach electron tetm would be divided into a group of termu* 

34 
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the energies varying between the two limits formed when 
the nuclear moment is parallel and anti-parallel to the 
electron moment In between these limiting terms fur- 
ther energy states may occur, the number depending on 
the quantum values of the respective moments The 
expression ft level ” will be retained to describe any of these 
fino structure energy levels and the word <f term n confined 
to denote the gross structure energy state 

Associated with the magnetic moment is a mechanical 
moment, which being quantised, becomes some multiple 

of The mechanical moment is usually denoted by I— 

Zn J J 27 r 

and the coefficient I is termed the nuclear spin The 
existence of a nuclear spin had already been previously 
inferred, for the nuclei of certain atoms, from the study of 
hand Bpectia The investigation of the band spectra 
of hyehogen showed definitely that each of the protons, 
which are the nuclei of the hydio^en atoms forming the 
hydiogen molecule, possesses a spin with I = 1 e the 

mechanical moment of the spinning proton is the same 

as in the case of the spinning electron The ratio of the 
magnetic moment of the pioton to that of the electron should 
be approximately in the inverse ratio of the two masses 
so that the magnetic moment of the proton should be about 
ikVit that of the electron # This explains the minuteness 
of the scale of fine structures, in comparison with that of 
thfc ordinaiy gioss structuie multiplet If we i^noie the 
special case of nitrogen, n study of the intensities of the 
band spectra of homogeneous molecules seems to point to 
the rule that the nuclear spin of light even atomic woight 
elements is zero, while the odd elements have half integral 
spin values 2 It can be shown that if the Identical nuclei 
of the two atoms forming a homogeneous dipolar molecule 
have a nuclear spin I, the alternate lines in the lotatlonal 
structuie of the band spectrum have an intensity ratio 

# Actually it 1 b a ^ times greater than the value expected on the 
simple thcoiy (p f 107) 
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I i I 

— y— When I = o, the ratio becomes infinite, so that 

alternate lines are absent This occurs in the spectra of 
Hcg) Cqj Oj and 

Nuclear spin 9 are usually found to be half integral and 
vary in value from £ to £ Some recent experimental 
evidence suggests possibly higher values such as but 
this remains to be confirmed A detailed discussion will 
be given later of nuclear building-up processes with refer- 
ence to the experimental values of the spins Only two 
atoms, N L4 and H a , have integral values, the spin being 
1 m both cases 

Interaction of nuclear and elect > on magnetic moments 

As we have shown in the previous chapter the nett 
resultant moment of the electron system of an atom la 
given by J, so that if the atom possesses a nuclear spin I it 
ib to be expected that the two vectors I and J should com- 
bine vectonally to form a resultant quantum number 
This is termed the fine structure quantum number, and is 
denoted by the letter F, which is a vector quantity, giving 
the total angular momentum of the whole atom We find 
that I and J can combine vectonally to give a number of 
values so that each term of the spectrum (henceforth called 
the gross structure term) will divide into a tiny multiplet 
group of fine structure terms, which for purposes of dif- 
ferentiation will be referred to as levels The values that 
F can have are given by the vectorial relation F = I + J, 
so that by analogy with the case of multipleta discussed 
on page 12 it will be seen that if J is larger than I the 
total number of combinations possible is al + x, hence the 

5 roas structure term divides into 2I + 1 fine structure levels 
f, on the other hand, J 13 less than I the number of arrange- 
ments which Is possible is 2 J + 1 , Since many terms 
split up in this manner, a gross structure line will have the 
line atructhre of a multiplet on a minute scale, and general 
considerations show that a selection principle will operate 
ih the production of thU fine structure multiplet The 
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predicted and observed selection principle is that AF = i i 
oi o (o — > o being excluded), and hitherto no exceptions to 
this rule have been found 

The internet ion energy between the two vectors I and J 
is dependent upon a number of different factors Firstly, 
it depends upon the actual value of the magnetic moment 
of the nucleus as distinct from Its mechanical moment, for 
it is primarily the magnetic fields which have to couple 
It is, of course, true that the magnetic fields can only arise 
because the charged particles in motion have mechanical 
moments, but since the coupling between the mechanical 
moments occurs through magnetic linkage, it is the value 
of the magnetic moment that determines the interaction 
cnergv of I and J The nuclear magnetic moment is 
usually written ns y, wlieic y = I £(I), so that^(I) is the 
latio of the magnetic to the mechanical moment when quan- 
tum units arc employed ^( 1 ) is a pure number, and as its 
value is determined by the internal stmctuie of the nuclous, 
it may be very small at times A second factor affecting 
the interaction eneigy is the nuclear charge, for the higher 
the degree of ionisation the greater is the coupling energy 
between the extra-nuclear electron moment J and tne 
nucleai spin I A third factor which is extremely impoi tant 
depends upon the eccentricity of the orbit of the optical 
electron If the orbit is very eccentric, a high degree of 
penetration of the innei shells takes place and the optical 
electron approaches veiy closely to the nucleus so that 
the coupling becomes very strong It will be at once 
apparent that the coupling energy of an $ electron will 
generally be much greatci than that of a p election, 
etc 

Let us consider a one-electron system , it is convenient 
to imagine the coupling between I and J as consisting of 
two parts I couples with the oibltal angular moment of 
the electron, that is, IL coupling takes place, and I couples 
with the electron spin so that IS coupling also occurs. 
When these two effects are added the nett interaction 
energy between nucleus and electron 10 obtained , 8 The 
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final result shows thnt tlic energy \^r | 3 
presaton 1 

W - A IJ coq (-jj) 

wlm.li enn lie i educed to the form 

W«j{F(F 1 i)~ J(J-h !> — l(% 

Comparing this with the formal u p r cvioi' 
ordinary multiple^ (see page 31) it ^vill lie? 
two formula; are identical if J. L nn c i £3 tire? 

byF, J and I. Since this is identical in four 

formula for gross structiue muhipiote, it fell 
energies of the fine structure levels aro nlso * 
will obey the Lnndd interval iule "rjT.e int< 
the fine structure multiplct A can. ho nppa'< 
cul.itcd for the simple cabc of one election 1 
found that A is proportional to 

Al) #l(l +l) 7 L^qr^Y) v 

where 2; and * are respectively the effective t» 
of tho nucleus in the inner and outer portlojv 
penetrating orbit, and n is the effective liycl 
number, This formula includes the conditi.' 
referred to concerning the value of the ntt< 
moment, the nuclear chnrge and the dcgr< 
penetration Calculation shows that the 1 
for the gross structure multiplet, A* of n. oac-c 

differs from die above value A by the facto 

this It follows that the ratios of the scales of fir 
grqsq structuro muldpleta Bhould he given 

bySffl , but the formula is only very «p proxli 

Li{ 

And the Agreement with experimental r< 

, fthe fprmul© for the fine structure in ter vs 
"duly bepn developed for a few electron sy 
though the general theory is very incomploti 
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important facts have already been deduced and experi- 
mentally verified. As previously stated the actual width 
of a structure in a term, that is to say, the total spread of 
the fine structure mulUplets, depends upon the coupling 
between I and J. This, m turn, depends upon the close- 
ness of approach of the optical electron to the nucleus 
The moic elliptic the orbit, the more likely will the elec- 
tron penetrate the inner shells It will not only approach 
the nucleus more closely, but, when it penetrates closed 
electron shells, the screening effect of these shells will be 
reduced This is equivalent to a considerable increase in 
the effective nuclear charge which further increases the 
tightness of the coupling, as it is called Since the smaller 
the 1 value of an orbit, the more eccentric is its shape, it 
will be expected that elections in s orbits will produce 
much wider structure than electrons in p orbits, etc Coric- 
spondmgly, the width of a 4? electron term should be 
gieatei than that of a electron, Special attention may 
be directed to the case of p orbits There arc two distinct 
kinds, depending upon whetbei the electron spin assists 
or opposes the orbital nngular momentum In particular, 
in jj coupling the p electron can have J values \ 01 % [for 
1 t= 1 and s = -J] These different orbits arc designated 
as pLfi and p*j t respectively The pi/ } election is in the more 
elliptical anti more penetrating orbit and should produce 
wiclei fine structures than the p*/ % election This has been 
verified experimentally 

Fine structure ui one-elect ton spectra 

The vector model previously employed to illustmlc 
gross structure multiplcts can also bo applied to study 
fine 8 tincture multiplcts 

The first new consideration is the question of the actual 
numerical value of the nuclear spin, a fact which introduces 
a complication For example, two atoms may give spectra 
in which the gro 38 structure multiplcts aie identical, 
except that their scales differ, but if the atoms Imvo chfioicnt 
nuclear spins, the fine structures of the two spectra wdl 
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be totally different This can be made clem by specifying 
n certain vnlue for I and it will then be shown how a vnua- 
tion in I will affect the lino atiucturc levels of the teims 
As an example of the type of fine structures which me 
to be expected m onc-elcctron Rpectra, n case like that of 
sodium will he considered. Referring to Fig 2 we see 
that the deepest lying term in sodium involves the most 
penetrating election and is the 3$ a Si/ Q term Next to 
it como the two terms 4/) , and 4 p fl Pi/ l which only 
involve p electrons Wo will examine the stiucturcs of 
the two lines 3* a Si/ J — -4^ 2 Pi/ l and 3? a Si/ t — 4 p 
These two lines arc the well known yellow P lines of 
sodium, For simplicity we shall assume that the nuclear 
apm I of sodium to bo equal to 4 This spin is to be coupled 
with each of the tluce terms concerned in pioducmg the 
lines, m order to see what fine structure levels will ausc 
The 3$ term has the J value of 4 nnd as the spin I 
is J, it is obviouB that I and J can only combine m two wnya, 
to givo F =1 0 or F ^ 1 (it will be remembered that the 
maximum number of fine structure terms is 2J + r 01 
2I -+ 1 according to whether J or I is the smaller) The 
F value o is produced when the nuclear spin nnd the elec- 
tron spin oppose each other, and the F value 1 arises when 
the two spins act parallel * It follows therefore that the 
3J , a Si/ 1 term is double, 

In this particular case I « 4 and as all the J values in. 
sodium are > 4 every term of the spectrum must also be 
double The 4 p term will hnve the two F values 

0 and 1 as in the previous case, but in the 4 p a Pi /t term 
th$ F values will be 1 and 2, for J equals # and I equals 4 , 
hailed P =3 1 or 2 Since both the lower and upper tetm 
of each of the two lines arc double, each line will be a tiny 
multiplet The fine structure of the common lower 

tetm ke muc ^ wider than that of the upper 
1 - on $ electron 1a then involved The structure 

will be somewhat greater than that of 4 p , a P*/ r 

as to truo spin direction of nn electron end of n 
nucleus 1 b somewhat modi Rod by the wave median lea, 

1 tnrt for simp Hoi ty thei vector model la adhered to here 

,i 
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Remembering the selection principle, namely, AF = :h 1 
or o (o “>o excluded) it 19 seen from Fig ir that each of 
the D lines will have three components If the Btructuica 
in the p terms aic veiy small, and in sodium this is the case, 
the separations of the upper terms cannot be experimentally 
resolved and both lines appeal to have the same structuie, 
namely two components, the intensity ratio and frequency 


F F 
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Fia 11 — Hypothetical fine structures of the sodium D lines* 
assuming that the miclcnr Bpin Is i Bccauao of instrumental 
difficulties in resolving power and natural lino widths, both 
the D lines hnvo tho same apparent structure, namely doublets 
in which the intensity ratio is 3 1 

separation being the same for both of the D lines It 
has been shown by Fermi B that in the $ terms of one- 
electron spectra, the nuclear spin can be calculated from 
the intensity ratio of these appaiont doublets, when the 
upper terms arc unresolved It can be shown that the 
quantum weight of a fine structure level is 2F + 1 13 y 

this is meant that the sum of the intensities of all the lines 
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coming to a level of given F value is proportional to sF -\- i 
If I is the nuclear spin, the F values of the two fine structure 
levels of the 2 Si/, term me I + i and I — ^ respectively 
The intensity ratio of the two components of the doublet 
is therefore 

2(1 + 4) ± i L+ 1 
2(1 — i) + 1 ~I ’ 

so that the accurate mea 9 ii lenient of the intensity ratio 
will give the spin, I Experimentally this is very difficult 
to determine, because the lines involved are resonance lines, 
which usually suffer sclf-absoiption and this gives rise to 
false intensity measurements. In the case under con- 
sideration, the intensity ratio of the fine structure com- 
ponents In both the D lines would be 3 i It is easy to 
see by making I equal to ^cio, that the formula given nbovo 
is self-consistent The intensity ratio in the fine structure 
doublot then becomes 1 0, meaning that one line is missing 
In other words, the fine structure doublet becomes a single 
line when the atom has no nuclear spm, which is naturally 
whnt one expects Measurements have been earned out 
upon intensity ratios of the fine structure doublets of alkah 
icsonance lines, 0 but the results are usually disturbed by 
reversal 

Effect of varying nuclear spins ♦ 

The calculated structure of the D lines becomes very 
different foi different values of I, although the observed 
structure may not appreciably change The latter effect 
la, however, only accidental nnd ia due to the fact that 
the stiucture in the s electron term is eo much wider than 
in that of tho p electron The pattern formed by a larger 
spin such as £ is shown in Fig 13 The 3 j>"Si/, term 
agnm divides Into two levels, but as J « £ and I => -J 
the F values now become 2 and 3 respectively The 
4 p 9 Pi/ t tcim behaves in the same manner, except that tho 
structural on a smaller scalo As a result 3* “Si/,— 4 P “Pi/, 
has three components, two of which are grouped closely 
together, 
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With a nuclear spin of $ the 4 p a Pa^ teim is no longer 
double but becomes moic complex Since J < I, aJ -|- 1 
components are formed, so that with J = J the term 
splits up into four components, Wc can Bee from Fig, 13 
how these four levels can occut The J value of the level 
19 lcnrosented by the long thin arrow and the nuclear spin 
by the short thick arrow In the highest level the two 
vectors arc parallel, ancl in the lowest they are anti-parallel 
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Flo la — Hypothetical fine structure of aodium D lines with tlio 
assumed nuclont spin of J Two doublets are formed, the 
separation being o 06 cm and the intensity ratio 5 7 

In between these values, the vectors take up intermediate 
positions that satisfy the cosine law Expressed simply, 
this means that the angles between the vectors arc such 
that the resultant vector F can have all integral values 
between 4 and 1, As shown in the diagiam wc obtain 
four levels with F values i, 2, 3, 4, the smallest F value 
lying deepest* These levels will be so spaced as to obey 
the Lancld intei val rule, although this is not shown In the 
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schematic vectm dingimn, hut it is so diawn m Fi 
It is seen in tins ligurc that the Ime 3 s ♦ 8 Si/,— 4/) 
him six components in its line structure pattern 
components me gioupcd into two pairs of Lhtccs, ow 
the smallness of liic upper inlcivnl factor If the in 

factors of the 

p 4 terms mo both 

small compared 
that of the lower 

* r the patterns cam 

1 completely res 

and the structu 
both the D line 
he doublets wit 
intensity intio 5, 
^ of approximate! 

same scpnmtio 
was obtained w 

J » \ was taken to 

" ^ The above valu 

'l l" \ nrc tfl k e n for 

tmtion only 
nuclear spir 
sodium is nowk 
to be fh Thl 
pnicnt aimil 
I shows that the 

importance of e 
mentally tesolvi 

Fia. 13 ^Illustrating the vector coupling the components 
b$tw6cn a nuolonr spin I » } with a line before a re 
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i“J form four structure 09t j m nte of the 
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spin of the ator 


, 1 hb $t|de )h and when I > J of checking tho results t 
, i1 ! , OJttoilnatibh of other terms 

^ the, nuclear spin of an atom is small, the 
©triple, and the line patterns not very 
8 P^ n ^0 terms with 1: 

quite complex and the line patterns < 
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spondingly more so Fortunately the interval factor in 
one of the terms of a line is often very much smaller than 
that in the other teim and this introduces a considerable 
simplification into the line pattern which is formed 
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CHAPTER V 


FINE STRUCTURE IN MANY-ELECTRON 
SPECTRA 


Two-electron spectra 

The calcium atom will be chosen to illustrate the struc- 
tures expected in a two-clectron system No structure has 
so far been found in the odd isotope of calcium, but this is 
due to various causes which need not be considered lie re 
Aa in the case of sodium the type of structure in the terms 
will depend upon the numerical value of the nuclear spin, 
but there are one or two features of special interest which 
are not dependent on this and these will be discussed first 
Reference to Fig 6 shows that there are a number of 
*eti of terms in calcium which go to different scries limits 
and it u necessary to consider these separately The most 
important terms are those which go to the 4 r “Sy, limit. 
It will be remembered that the group of terms wmch go 
to tins bmit is produced when one of the valence electrons 
remains m a 41 orbit and the other moves to higher orbits 
Since the electron configuration for each level of this 
group possesses a penetrating 41 electron, it will be expected 
that to the terms will show wide fine structure splittings, 
frhero term splitting is possible. This is generally true, 
although in some terms the moment of the optical electron 
opposes that of the 4 s electron and thereby reduces the 
OOtagfag with the nucleus 

Tm Uipbs going to the 41 *81;, limit are ^SPD * .) 
a nd *(S PD ) and of these the J S 0 and the a P 0 terms 
] to important point Since in these terms 

+ 1 537 1, meaning that the fine structure 
If One, or that the terms arc Bingle This 
46 
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result is obvious, because the spin I can only add to a zero 
J value to form a single F value equal to I. No watte t 
what the nuclear spin way be , all spectral terms with J value 
equal to zero show no fine structure Foi all the othci teims 


F 





J<I 

2J + 1-1 


Fig 14— The fine structures of Q P terms when the nuclear spin 
is $ The number is it |- i or a J I i, according to which is 
the smaller 


I and J compound in the usual mannei to form multiplcta 
Suppose, for example, the nuclear spin is }j, then the n P 0 
term will be single, the °P 1 term will have tluce components, 
and the a P a term will have four, ns shown m Fig, 14, 
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Since all the terms which go to the 4s *Si j t limit have 
a 4* electron m their configurations, the structures of all 
will be wide (excluding terms with J = cri It is seen from 
this that a line transition such as 41 4/) — 4? 4J a E>a 

will have structures of the same order in both the upper 
and lower terms The result is that the line pattern 13 
complex, as, for example, in the case shown in Fig 10 Most 
of the terms which go to the next limit, 3 d 2 D»y tl of the 
calcium atom, do not possess a penetrating 4 5 electron in 
their configurations, so that practically all the terms going 
to this limit have narrow structures, and the same is true 
of the terms which go to the next limit Line transitions 
between one of the terms which go to the 4 s 2 Si/, limit 
and one of the terms which go to another limit have their 
pttems much simplified, as was the case with the sodium 
lines in Fig 12 The lines which arise from transitions 
between two terms , neither of which possess unpaired s electrons 
in their configurations, often appear single , because the fine 
structure ts so minute Generally speaking, the appear- 
ance of the structures is very dependent on the specific 
electrons in the configurations 

General vector method for many-electron spectra 

A. very convenient method for predicting the fine struc- 
tures which arise in atoms with complex electron con- 
figurations has been developed by White 1 This is an 
extension of the vector method which has already been used 
to show how gross structure multi plets arise It was shown 

in Chapter III that the best way to see how the gross struc- 
ture tnultiplcts arise was by adding the vector representing 
the optical electron to the ion terms The fine structures 
are obtained by the simple extension of adding the nuclear 
-Spin Vector to the terms already obtained m this manner, 
ui a Urge number of cases only the configurations which 
possess a penetrating s electron show any structure in the 
*6 that this type of term will be considered first 

If a configuration possesses a penetrating r electron, it 
<auii|tKS afeown that the coupling between the nuclear spin 
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and the electron configuration is proportional to cos (Is) # 
and not, as m general, to cos (I J) 8 The direction of 
the coupling between the nuclear spin and the s election 
becomes of great importance, so that it is necessary to know 
exactly in which direction the s electron is pointing with 
reference to the other electrons of the configuration For 
tlua reason the series limits must be known and the mul- 
tiplet structure built up from the ion, in order that the 
coupling of the 5 electron can be followed carefully from 
tcim to term 

For the puiposc of explaining the vector method, re- 
course will be made to Fig 9, which shows how the a P 
and d P multiplets of the 4s 2 4^ 5s configuration of 
Br I are formed The problem is to see how the addi- 
tion of the nuclear spin affects the terms* The terms aie 
split up according to the J values, but the interval factors, 
on which the coarseness of the structures depend, aio detci- 
mined by the value of cos (Is). White assumes that the 
complex electron group 4J 9 4^ 55 behaves as a unit and 
couples with I in the usual vector manner, the dcgiec of 
coupling depending on the orientation of I and 8. Tire 
relative values of the interval factors, m a group of levels 
belonging to a gross structure teim, aro proportional to 
cos (Is) when cos(IJ) = 1 That is to say, when the 
nuclear spin is set parallel to J the angle which I then 
makes with the spin s of the 5*9 election determines the 
coarseness of the structure From the properties of vectors 
wc have 

cos (la) = cos (IJ) X cos (Js), 
and ns cos (I J) — 1 when I and J are pninllcl, 

therefore cos ( 1 8) ~ cos (Js). 

As the coarseness of the structures is proportional to 
cos (Isl it must thciefore also be proportional to cos (Js), 
hence the problem is to find the 1 clativc orientation of the 
spin of the s electron, with respect to tho resultant J value 

# b Is tho epin vector of tho s electron It is assumed throughout 
that LS coupling ia used 
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of the term, and the angle between these vectors detei- 
mines the coarseness of the structures 
As in the two electron spectra the number of fine structuie 
levels in any gross structure term js determined by the 
Values of I and J There will be 2 1 +- 1 or 3 J + 1 
levels according to which is the smaller value Fiom tho 
Landd formula it is easy to sec by subtraction of two levels, 
that the actual separation between two levels of fine struc- 
ture quantum numbers F T 1 and F is A(F + A A being 
the interval factor for the term in question When I and 
s are parallel 003(18") = 1 so that A is positive When 
I and 8 are anti-parallel cos (Is) = — 1 so that A is nega- 
tive A negative value for A means that the fine structures 
are inverted^ the highest F value lying deepest The vectOL 
method will now be applied to bromine in order to trace 
through the various possible couplings, 

Fig 15 shows the vector combinations The notation 
is exactly the same as in Fig, 9 * and in reality A and B 
of Fig 15 are identical with those of Fig 9 A shows the 
8 P terms of Br II based upon the 4$ a 4 p A configuration 
and B shows the 5 s B P and 51 4 P terms for Br I which 
are formed by the addition of the $s electron The vector 
process up to this point has already been discussed in detail. 
The experimental value for the nuclear spin of bromine 
Is -J and C shows the fine structure levels ( dotted) that should 
arise when a spin of £ 1a added to the doublet and quartet 
multlplets In order to simplify the complicated vector 
diagrams, only the coupling between the nuclear spin and 
the electron is shown at the extreme right As before, 
the thin dotted arrow in B shows the direction of J, I 
is set parallel to this, so as to conform to the rule that 
cos (IJ) = 1 and in this position the interval factor is 
proportiotial to the cosine of the angle between I and e * 
The spin of the s electron is shown, as before, by the hollow 
arrow, and the nuclear spin by the Long thick dotted arrow 

• In configurations of the type 4J 1 .4^* gr and 4s 1 4 p l c/>, etc , 
it is often customary to omit tho 41* 1 4 p l for the aake of brevity, 
and pnly the optical electron $j or 5 p, etc , la retained In the term 
notation, 



A B C 



4s l 4 .p* 4s l 4 fj 1 5 s 

BrlT BrI 

Fro 15 — Vectoi coupling tlingrnm showing how tho fine structures 
In tlic 4/)‘ l configuration nro pioducccl by n nuclenr spin 
of }, 
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The small curved arrow at the head of this implies that it 
is to be compounded vectonally 
Considering each term in detail it is seen that the 5 $ a P >y 9 
term has I parallel to s, and as J — } the fine stiuctuie is 
therefore a wide normal doublet , wide because the two 
spin vectors assist, and normal since they act parallel 
In the next term 55 fl Pi/ t , the I and 8 oppose, so that the 
term is inverted As J = ij a quartet term is formed, 
and the structures are still comparatively large The 
5s 4 Pi; 1 term is again a wide noimal doublet The next 
term is 55 4 P»/ f and the nuclear spin acts at an angle with 
the s electron spin eo that a medium width quartet is pio- 
duced Finally the 5J ^P*^ term has all the vectors parallel, 
so that a wide quartet is formed * 

The methods used to describe the coupling in the case 
of a penetrating s electron can be applied to the case of 
a non-penetratmg p electron For instance, it is poaBiblc to 
couple the $p electron to the 4^ 4^ core of Br II , but it 
is found that the agreement with experiment is not very 

g ood The supporting evidence for the $ electron case 
as been very well established in manganese, but different 
investigations indicate that such a simple treatment is not 
possible for p electrons It is quite certain that the p 
electrons couple vectonally to give the correct miwbet of 
levels that theory demands 

REFERENCES 
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• There is reasonably good expenmen tal verification for bromine, 
the deviations being due to the incomplete LS coupling In 
man^nese, which showa full LS coupling, the vector method 
is completely verified Bromine haB only been selected as an 

example pf a many- electron atom, fo** illuatinhon purposes* 



CHAPTER VI 


ANALYSIS OF THE FINE STRUCTURES 

Intensities of fine structure components 

Although it is true that perturbations may occur m fine 
structure levels most of the spectra hitherto investigated 
seem to show the interval rule to be valid The per- 
turbations have been found in the fine structure of mercury, 
bismuth and aluminium and will be discussed later, but 
for the present purpose all that need be said is that in 
ceitain cases the fine structure in a term can be perturbed 
by a neighbouring term in such a manner that the interval 
rule fails The intensities of the fine structure components 
of a line are just as important as the intervals, and are of 
equal help in the analysis Perturbations have been found 
In intensities, but so far these have not been very serious 
The intensity disturbances are of two kinds In one case 
they are due to the source being possibly too hot, or the 
pressure too high, with resulting self reversal effects The 
other type of intensity perturbation is not understood, but 
will be discussed in the chapter dealing with perturbation. 

The intensity rules which fine structure components obey 
arc important These have been given by Hill 1 and since 
they are used so frequently in analysis, it has been con-' 
aidered worth while to reproduce them here They form the 
basis of the graphical method of analysing fine structures, 
due to Fisher and Goudsmit,® which is extremely useful 
in practical work In the formulae given below the follow- 
ing abbreviations are used , In.(F F H- i) means the 
intensity of a line transition from an upper tcim fine stiuc- 
ture F level to a lower term fine struclmo level F + i 

S3 
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The meanings of In.(F F) and In (F F — i) are then 
self-evident In all cases the first F value refers to the 
upper term, and the second to the lower term In the 
formulas themselves the following contractions arc used 
for the sake of brevity — 

P (a be) (a + b)(a + b + i) — c(c + i), 

Q (a be) c{c + x) — {a — b)(a — b + i), 

R (a be) a{a + i) + b(b + i) — c(c + i) 

All the transitions arc those for winch AL = T: i } a net 
there are three Bets of formulae according to whether A J 
is equal to +i, o, or -i These are set out in table 

form below A, B, and C arc constants determining the 

relative intensities of the gross structure lines but do 
not here concern us, since all the components for any one 
given line {he single J transition) involve the same constant 
so that the intensity ratios in a fine structure pattern arc 
not dependent on the value of the constant 

On substituting in these formula; one finds that the 
transition AF = o o always has zero intensity y and also 
that the total intensity of all the components to a given IT 
level is proportional to aF + i The formula) appeal 
rather cumbersome, but are actually simple to apply, mid 
check themselves automatically, so that errors in calculation 
are avoided 

Irregular and regular line patterns ♦ 

As a result of the intensity and interval rules, two types 
of line patterns are produced, and these may conveniently 
be called irregular and regular patterns An irregular line 
pattern arises when both the upper and lower intervtd 
factors ace of the same order The line pattern becomes 
particularly complex when the fine structure multiplicities 
ate high. The irregular structures can only bo analysed 
by Seeking for frequency differences, as in the case of gjLo&a 
fttrhcture multiplets, When the fine structure multiplct 
hdfr'been built up the F values of the terms are eaay to find 
r it + J[^> h but if J < I the F values can usually only bo 
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obtained from the interval rule 
If both I and J are already 
known, the analysis of a line is 
much simpler However, when 
the F values have been found 
I can at once be calculated 
The best way to analyse a 
spectrum with many lines is to 
select the lines which involve 
terms wherein the J value is 
greater than the suspected I 
value In all of these terms 
the multiplicity is 2I + 1, so 
that I is determined when the 
line pattern has been analysed, 
and the interval rule can be 
applied as a check It is often 
quite impossible to analyse the 
pattern of a line completely in 
this manner, because many fine 
structure components crowd 
together and cannot be resolved 
The method has, however, been 
successfully used in very many 
cases, 0 g, Cd, Tl, Pb, Hg 8 etc 
An example of an trregula t fine 
structure pattern is shown in 
Fig 16 (a) The line pattern 
illustrated is that of $s 4 Pi/ b — 
5 p 4 Da/ > in Br I* The nuclear 
spin is \ and for the purpose 
of illustration It is assumed that 
the interval factor of the upper 
term is j that of the lower 
The resulting pattern is com- 
plex, and no obvious apparent 
regularities exist in it, 

In tho incgular pattern de- 
scribed above, the irregularity 
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arises from the fact that the two 

Irregular 


interval factors have nearly 
equal values It 
often happens that 
only one term in- 



volves a penetrating 
s electron, and so 
produces a structure 
which is very much 
coarser than the 
structure in the 
other term When 
this is the case the 
line pattern be- 
comes regular and 
has the appearance 
of a regular de- 


Interval factor ratio 5 4 


graded series For 
example, the same 
line as above boa 



the pattern shown 
in Fig 1 6 (A) when 
the interval factor 
of the upper term 
is only -^th that of 
the lower Owing 
to the natural 
widths of the com- 

E onents, and partly 
ecause of imper- 
fections in the in- 
struments used, the 
closely packed com- 
ponents cannot 
usually be sepaiatcd, 


Pier 16 — Dependence of the appearance BO that a regular 
' of afiije structure line pattern on the quartet pattern will 
jlfio structure Interval ratio of the ^ c Becn ln the 
Upper and lower terms preae n t exnmp 1 e 

It, $ gt once apparent that a regular pattern will usually 
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show the structure of one of the terms only (exceptions occur) 
In the present instance the structure is that of the lower 
term, which involves the s electron # This term is therefore 
quartet in structure, and as the J value is ■£ > then I must be 
equal to because a greater nuclear spin would have 
produced more components* This line shows how a 
nuclear spin can often be very easily obtained from one 
regular pattern The scale of the structures may be 
gathered from the fact that the total width of the structure 
is about o 4 cm 

Graphical method of analysis 

In the regular " pseudo quartet ” just described there 
are actually ten components, and the appearance of the line 
pattern becomes more and more complicated as the relative 
value of the smaller interval factor increases, with respect 
to the larger In order to deal with complex patterns which 
are incompletely resolved, a very valuable graphical method 
of analysis has been proposed by Fisher and Goudsmit 3 
For this graphical method I and the J of both terms must 
be known for the line in question It is often possible to 
get I from the other data, e g from the structure of favour- 
able lines or from band spectra, etc , so that the method is 
generally applicable The same line, namoly 

5 s ip 'l—5P 4 D. /a 

of Br I , will be taken for an example of the use of this 
graphical method 

The graph is shown in Fig 17 Firstly the interval 
factors of both the upper and lower terms are made equal, 
and the complete multiplet drawn The position of each 
component of the line pattern is plotted as a point along the 
line AB Secondly, the upper term is completely inverted, 
the interval factor being kept unchanged, and the new 
resulting multiplet drown The position of each com- 
ponent of the new line pattern is plotted as a point along the 
line EF, Corresponding points, that is, points which 

# Thfo pwimlo 1b taken from the actual experimental data In 
Br I, 
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represent the same F transitions, are joined up by straight 
lines For preliminary visual analysis the widths of these 
lines are made roughly proportional to the intensities of the 
transitions as calculated from Hill's formula? For the 
purpose of calculation, thin lines can be used, the actual 
intensity ratios being written in The points which 
represent the upper limit of the whole graph, along AB, 
show the line pattern given by the two terms in question, 
when the interval factors of the two teims are identical, 
m other words, when the interval factor ratio is + i 
Similarly, the points at the lower limit of the graph show 



i- * 

Fio 17 — Fisher- Goudninlt line complex for the transition 
J *= $->■ 4 The nuclear spin Is l in this example 

the line pattern when the ratio of upper to lower interval 
factors is — 1 The horizontal line CD cuts the graph at 
the centre, Each line is cut at a point, and each point 
represents a component of the hue pattern This particular 
centre pattern is that formed when the upper interval 
factor la equal to 7 ero [since CD lies midway between the 
lines AB and EF which represent ratios of + 1 and — 1 
repetitively] For any given ratio of interval factors, the 
fate pattern is determined by drawing n horizontal line 
through the graph at a point between AE corresponding to 
this, ratio Thus, for example, the line patterns of Fig 16 
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were obtained by drawing horizontals at points corre- 
sponding to interval ratios of £th and ^th respectively, the 
upper interval being the smaller in both cases When a 
line pattern has been measured all that need be done ib to 
fit it unambiguously into the graph, and the values of both 
the upper and lower interval factors are at once determined, 
although the resolution in the line pattern may be incom- 
plete 
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CHAPTER VII 


TERM INTERVAL FACTORS 
Coupling of two s electrons 

From the calculated interval factors important informa- 
tion can be obtained concerning the coupling processes 
of the individual electrons, and perturbation effects can 
be detected Extensive theoretical calculations of the 
ratios of the interval factors of the different terms of a 
spectrum have been made by Goudsmit From the 
experimental side, although data are lacking, enough has 
been found to show that the agreement between theory 
and observation is only partial Discrepancies arise from 
the fact that the actual coupling process between a nucleus 
and an electron is unsufficiently understood Fermi, 
Casimir, Breit, and Goudsmit 1 have all made different 
attempts to solve this mathematical problem, which presents 
grave difficulties 

There is general agreement for the case of the atom which 
possesses one valence electron, such as the alkali metals 
or ionised alkali earths, Theory Bhows that the interaction 
energy between the nucleus and the optical electron is 
of the form E — A I J * cos (I J), This leads to the 
Land£ interval rule for the fine structures, and experi- 
mental observations support this strongly Casimir showed 
that In the particular case of an s electron, the interaction 
energy is given by E = A Is cos (Is) and this fact 
has already been utilised, Following Casimir, Goudsmit 
has calculated the interaction energy for an atom which has 
two valence s electrons * For example, all the ^ terms 
i of Ca li are tfcrnls of an atom which has two s electrons in 

i 1 60 



TERM INTERVAL FACTORS 61 

its configuration The interaction between the nucleus 
and the spins of the two electrons, q ± and s e , is 

E = a il 8 x cos (ISi) a a Is 2 cos (Is fl ) 

The energy is treated as the sum of two interaction energies, 
one for each electron* Each electron obeys the law de- 
duced by Casimu, and in the equation, and a a are the 
numerical proportionality factors foi each election # The 
cosines arc to be averaged over a complete electron revolu- 
tion and when this is done the formula reduces to 

E=IJ cos(IJ) p£i C09( 8 l j) + ^ C08 (s 4 J)], 

J, having the usual significance, being here the resultant 
of s : and s a Comparing this with the previous general 
equation, namely, 

E-A IJ cos(IJ), 

it is at once evident that the two s electrons obey the same 
general law as one electron, if the interval factor A is 
replaced by the expression in Bquare brackets When the 
quantum values of the cosines are substituted in the ex- 
pression for A wc get 

_ J(J + 0 + 9 i(s x + i) — s a (a 8 + i) 

A " aJ( J + i) 

J(J + l) + 8 B ( 8 a + l) - 8 /Sj + l) 
+ a » zJ(J + I) 

since s x = s a = this reduces to 

A = ia A + ia 2 

Thus, the term interval factor A is half the sum of the 
proportionality factors of the two electrons Experimental 
verification of this has been possible in a few cases Thal- 
lium I. has been examined and the interval factors for the 
fine structures of the terms of the by 75, 6 s 8s, and 6 s 9 s, 
etc , configurations determined, From these it is possible 
to calculate the value of for the 6$ electron and of a a , 

# That ia to eoy* the “ Interval factor " for tlio individual electron, 
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a a , a 4 , etc , for the 7 s } 8j, 9 j, etc , electrons The value 
of a x increases slightly as the second electron approaches 
the ionising limit because the screening effect of the second 
electron diminishes tends to a limiting value which 
can be calculated In the Tl II atom, which possesses 
one electron in the 6 s orbit, the value of a x should be 
identical with the limiting value of a x calculated hom the 
Tl I spectrum Allowance has to be made for the fact 
that the interval factor is proportional to z a , where z is the 
degree of ionisation More strictly the interval factoi is 
(see page 38) proportional to Z<z ft , but in a heavy atom Z* 
is sensibly tne same for the normal and the ionised atoms 
so that the coarseness of the stiucture is very nearly pro- 
portional to z a * The values of calculated from Tl I 
and Tl II, agree within experimental error, so that the 
theory is supported 3 

Interval factors for the general case 

The general theory for the fine structure interval factors 
in spectra, which show LS or jj coupling, has been worked 
out by Goud strut, 4 and since it is not practicable to give 
any details of his calculations here, only a few of his results 
will be quoted The calculations lead to entirely different 
results in LS coupling and m jj coupling, the results being 
more satisfactory for the latter type In LS coupling it 
is only possible to give the sum ox the interval factors for 
all the terms of a multiplet group which have the same J 
value For example, the X P and 8 P terms which arise from 
an s ,p electron configuration are 1 P 1 , 8 P 0 , a P 1 , 8 P fl The 
interval factor for a P 0 is zero, that of 3 P a can be calculated, 
but only the Bum of the interval factors for the two terms 
l Pj, and 3 P ! is obtained from the formulae, for they have 
identical J values 

The following table gives some of the more important 
results a is the proportionality constant for the^f electrons 
at\d b the con8tant for the s electrons in any configuration 

* Thla is obviously on important practical point, for the higher 
the degree of Ionisation, the coarser are the structures and therefoio 
the Easier to observe 
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The value of a 01 b is the same foi all equivalent elections 
In the table only a selected group of results has been shown 
and for full details the onginal paper must be consulted 
The calculated values for the interval factors of spectra 
which show jj type of coupling are more satisfactory than 
those for LS type, because the interval factor for every 

TABLE III 

Interval factors ut LS coupling 


Interval factor for p electron n 

Interval factor foi j electron b 


Configuration 

J 

Interval Faotor — A 

p and p l 

1 

A = ,e 4 si 

A ■= ajn 

p 9 and p* 

3 

2 A — i{n 

1 

A « on 


ft 

A 1=3 5 / 11 


H 

2 A «= jj ga 


i 

ZA = aSn 

p s and p 0 s 

2 

A = |n | lb 

1 

ZA an h Jb 

p 8 jnndp 1 s 

t 

2 A= i/ 4 n h ?b 

a 

1 

ZA - i*ja - ,' fl b 

ZA = on -| ijb 


p a s 

3 

A » ju H lb 


2 

ZA « an h ^jb 


1 

ZA «■ aja - lb 


term is given separately The s electron has the 9flmc 
proportionality constant b as in the LS coupling, but the 
p electrons are different As jj coupling implies that each 
electron has a separate j value, there are two types of p 
electron, namely piu and p*t t . These two elections differ 
because in the one the 1 and s oppose, so that j is equal to 
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and m the other 1 and s are parallel m direction, so that 
j equals § These two types of electron are different in so 
far as the pij t electron is more penetrating than the p»j t 
electron, so that different proportionality constants enter 
the formulae for each The constants will he called a 7 ' for 
the pij f electron and a' for the pi} % electron According to 
theory these constants are not independent, but are related 
to the constant a of the p electron in LS coupling 

TABLE IV 

Interval factors in JJ coupling 

Interval factor for pij t electron a" 

Interval factor for p a , electron a' 

Interval factor for s electron b 


Configuration 

■I 

J, 

Inlorval factor 

and p 4 

* 

5 

4 

2 

a' 

4 

2 

Ja' + Ja" 
ijn' - 4a" 




I 




5 

4a' + 
fa' - lb 

p % s nnd p A s 

4 

4 

4 


* 

1 

I 

b 


h 

\ 


fa' + Ja" + 4 b 




i 

l- M" - 4b 

4a' - 4a" + Jb 




1 

Jft' - Ja" - 4 b 

b 


Theory gives 


a = fa, 

therefore a' = -Ja'\ 

As an example of the interval factors calculated for jj 
coupling, see Table IV The first column in this table 
gives the electron configurations, and the second column 
the j values of the individual electrons, The j value of the 
^ electron is omitted, since It Is always equal to J In 
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the third column the final resulting possible J values are 
shown, and opposite each J value (m the fourth column) 
is the calculated interval factor of the term The terms 
with J — o arc omitted ns the interval factor for such a 
term is zero 

Interval factors in multiply ionised spccha 

So far there is not a great deal of experimental cviclenco 
which has a bearing on the veufication of the Goudsnut 
formula), since only few spectia have been thoroughly 
examined Of great inteiest arc the results which have 
been obtained 111 the spectra of bismuth d In bismuth the 
Bi I , Bi II , Bi III and Bi V spectra have all been 
studied It has been possible to calculate the proportion- 
ahty constants of the separate electrons when different 
neighbouring electrons aic present Thus, 111 Bi I the 
6 £ 3 and the 6y> a 7J configurations give the values of a", 
a' and b' for the 6 pij v 6 py t and 7$ electrons respectively * 
In Bi II the configurations examined were 6s 7 s> 6 p 6 d 
and 6 p *jp, so that the constants foi the same electrons 
could be calculated, as well as those of 7 pi/ t and 6 d The 
Bi III spectrum gave data for the 6s 6 p* con Agination, so 
that in addition the constant b foi 6s was determined 
Finally, the 6 s configuration of Bi V also gave a yaluo for 
the constant b. A convenient summary of the results is 
shown m Tables V and VI * — 


TABLE V 
s electrons 




fepoclnnn 


Electron 

Constant 

HIT 

III 11 

mm 

ill V 

6 s 

b 

1 6 

i 6 

1 8 

3 6 

V 

b' 

0 1 16 

0 3 S* 

0473 

— 


# Bismuth shows JJ coupling in these terms 
5 
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For both the 6y and 7 s electrons the value of the constant 
increases regularly with the increase in the degree of 
ionisation This is due to the removal of scieemng outer 
electrons Table VI gives a summary of the observations 
made on the p electrons , — 


TABLE VI 
p electrons 



Spectrum, 

Electron 

Constant, 

Dll 

Bi IT 

BI TIT 

6£./, 

a" 

0 375 

0 390 

0430 

056s 

0 462 

0 66 


W 

0 008 

0 oa6 

0 028 

0 01 


W' f 


0 012 



It was possible to calculate a' and a" from more than one 
term, and aa seen in Table VI there is good approximate 
agreement between these The general conclusions to be 
made from the tables are as follows — 

(1) The constant for a given electron is bigger the 

higher the degree of ionisation, owing to the 
removal of screening effect as other electrons me 
removed from the configurations 

(2) The constant for an electron falls rapidly in value 

when the total quantum number, n, of the 
electron increases 

(3) The constant for the p\j t electron is very much 

greater than that of the corresponding electron, 

the ratios of these constants being altogether much 
greater than the calculated value, 5 ♦ i* 

* The exact value of the electron constant wne difficult lo 
determine, but the data showed unambiguously that jL wns 
relatively quite small 
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The fact that a" 1a very much greater than 5a', which 
the simple theory at first pi edicts, is extiemely interesting 
There are two possible explanations, the second of which is 
much more likely than the first It is possible that, owing 
to insufficient knowledge of the interaction pioccsscs, the 
equations are wrong, and the calculated values of a' and 
a" are not genuine However, against this is the fact that 
the methods used to deduce the foimulac have given 
correct results when applied to gross structure multiplet 
data, and also to other fine structure data This explana- 
tion is therefore not very probahlc A much moie likely 
explanation has been suggested by Breit, 0 who has shown 
by means of a wave mechanics treatment, that in heavy 
atoms a pij a electron behaves with respect to the nucleus 
as if it were a deeply penetrating election The effect is 
only marked in the hcavici atoms, as it arises from second 
order corrections which are negligible when the atomic 
weight is small, If the pif t electron behaves as if it were 
penetrating, it will therefore have associated with it a very 
large interval factor, comparable, in fact, with that of the s 
electron As seen fiom the data in bismuth this is the 
case, so that Breit’s theory offers 0 reasonable explanation 
of the relatively great value of a" (The examination of 
the fine structures m the As II spectium 0 tends to confirm 
this ) It is, of course, of great practical importance, as the 
penetrating property of the pi/ t electron results in the pro- 
duction of structures far wider than at first expected on the 
simpler theory 
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ISOTOPE EFFECT 
Isotope effect tn bands 

Up to the present any fine structure effect ausing from 
the existence of isotopes has been neglected m the dis- 
cussion, The isotope effects have become very important 
from both the experimental and theoietical aspects, so 
they will be tieated here in some detail The first attempt 
to detect any isotope effect m line spectra was made by 
Aronberg, 1 who found that the wave-length of the lead line 
A4508 was slightly less 111 ordinary lead than m ladium lead 
He was not able to observe the tiue structure of the line, 
partly because the line was broadened m the somcc he 
used, and partly because the resolving power lie employed 
was not very high, It was only Intel and more refined 
work that enabled the true isotopic effect m lead to be 
discovered 

The isotope effects m line spectra are always small, but 
the isotope displacements which occur in some hand spectra 
are very large indeed, and are very easy to recognise 
This arises from the fact that the positions of the vibration 
heads of an electronic band system depend upon, the 
moment of inertia of the nuclei of the molecule, and sire 
very sensitive to changes in the value of this moment of 
inertia For example, boron has the two isotopes B 10 nnd 
B n so that the band spectium of the oxide consists of two 
sets of bands, one due to B 10 O 1(J and the other to BuOio* 
The different boron atoms have different momenta of 
inertia because of their different weights, The bnnd 
constants differ markedly, therefore, so that the band henda 
Of the one system are displaced from those of the other by 
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large amounts Displacement of the order of 20 cm " 1 
are not unusual in band spectra, and it will therefore be 
seen that experimental observation of isotope effect in 
band spectra is much easier than in line spectra Altogether 
the spectroscopic study of isotopes has, of course, to be 
carefully co-ordinated with Aston's mass spectrograph 
data 


Ma ss affect tn hno spectra 

The first effect that was successfully found and inter- 
preted was the simple mass effect This effect was pre- 
dicted by Bohr's theory, which showed that the positions 
of the lines of a spectrum depend upon the mass of the 
nucleys of the atom A change in the mass of the nucleus 
causes a slight shift of the position of a line, so that if an 
atom consists of two isotopes, with different masses, all the 
lines of the spectrum will be duplicated Calculation shows 
that the expected duplication will usually be vciy small, 
and must be sought foi as a fine structure As an example 
of the approximate method of calculation, the mass isotope 
effect to be expected m neon will be calculated 

In general the senes terms of a spectrum can be fitted 
into a Hick’s formula which is of the form 


E = 


Rz 


( n + « + ^) 


this formula a and b are simple numeucal constants, 
is the effective quantum number, z is the effective 


In 

n is the elfective quantum number, z is 
nuclear charge, and R is Rydberg’s constant The value 
of the Rydberg number is not quite constant, but involves 

the reduced mass of the electron, which is ■ where m 

and M are the mass of the optical electron, and the whole 
nucleus respectively Neon mainly consists of two iso- 
topes of masses 20 and 22 * The electron systems m these 
atoms are identical, so that the series will also be identical, 


* Isotope 2i ib too weak to be taken into consideration hero 
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but as the Rydberg numbers differ slightly, one of the 
Benea will be relatively displaced, so that all the lines will 
show a fine structure The calculation of the displacement 
18 ft9 follows 

The fiequency of a line is the difference of energy 
between two teims divided by Planck’s constant, so that 
v = R(A), where v is the frequency, R the Rydberg con- 
stant, and A is of the form 


(% + « + “l) ("a 'I' « £) . 

For the Isotopic constituents of a line A is constant, since 
it does not involve the nuclear mass The only variable 
factor is R It follows then, that 



v 2Q = Reo(A\ 

= R k (A), 

hence v fla — v a0 = (R^ — U 2 o)A 


But v lB — v ao is the difference between the two isotopic 
components of the line, % e the isotopic separation Av, hence 


/W = R a , (A)[i-g» 



But as the Rydberg constant is proportional to the 

reduced mass of the electron, it follows that 



w M fl0 in + M fla 
m + M ao * m M aa * 


1 e 




f 111 

1 + M, 


M . 


1 + M, 


* 0 - 



to a first approximation If M is the mass of the hydrogen 
atom the masses of the neon isotopes arc 20 M and 22M 
respectively, so that 


R23 _ 


m (— \ 

A?\220/ 
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Therefore Ay = ( v being an approximate mean 

value of y BD and y aa It iq sufficiently accurate for the pur- 
pose to take the mean frequency of the line without con- 
sideration of fine structure ) 

The ratio ^19 the ratio of the mass of an electron to that 

of a proton and is equal to so that 



1 _ v 

220 400,000 


in approximate round numbers For a line whose wave- 
length is 5000 A the displacement would therefore be about 
o 05 cm The isotopic displacement can be calculated 
for any other line m a similai manner 


The mass isotope displacement effect has been thoroughly 
investigated in neon and it has been, shown that ~ is 


nearly constant for lines of the same series The value 
of the displacement is consistently a little greater than that 
predicted by the simple theory, but the motion of the 
nucleus accounts for this 


There is no room for doubt that, for each line, the two 
components are produced by the different isotopes, aa 
Hertz ft has clearly shown In ordinary neon the isotopes 
arc present in the ratio 9 1, the lighter atom being the more 
abundant The fine structure components should have 
the intensity ratio 9 1, which is observed in practice 
Hertz has succeeded in separating the isotopes of neon 
by means of a continuous diffusion process so that in the 
two end samples obtained, the ratio of Ne ao ■ Ne fla was 
1 1 and 100, 1 respectively The spcctium of the first 

sample showed each line as a doublet, both components 
having the same intensity On the other hand, the second 
sample showed each line to be quite single, as tho other 
component was too faint. This affords a direct proof of 
the isotopic origin of the fine structures in neon. 

The simple mass isotopic effect is usually very difficult 
to observe, as it decreases rapidly with increase in atomic 
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w&faht For iruuncc, in the hromme line 6122 A the 
ds*p 4 «*«sw*t should rvnK be o 004 cm ~ l The effect has 
oaky br*n detected in the spectra of II * Li, N T c, 4 C 1 / K,* 
Br ^ ^1? ai doubtful in the last ease) 

Mty&d odd and err* 1 pogopes 

In tbe bcav* and modcratcK heavy atoms the simple 
maam isotope d^plicrmcnt is usualU far too minute to he 
obsierYed \ nr* dTtet arises when the atom consists of 
2 mixture of slopes of nen and odd atomic v. tight This 
effort was first obsened b\ Schuler and Ilruch H in the 
caxIaEuiim spectrum t admmm consists of sit isotopes, 
two which Have odd and the other four e\en atomic 
The two odd atomic weight isotopes ha\c each 
a waeJear spin of \ but no nu*s displacement can he de- 
tected *ti asxy of the lints, as the elf eel is far loo small 
At tl*e optical centre of gravilv of the fine structure of each 
Rar &©sa*aa*k vm strong component Intensity measurc- 
nicrti reveal the fact that the intenut) ratio of this single 
c o m^v u triL , to the summed intensities of all the other 
emmipM etsto m the line, » the same as the abundance 
rate* of tbe even to the odd mrtopes It was found possible 
to account for all the components excluding the central 
*TO*g cant by Morning l ^ \ There seemed to be no 
tfaa afe* abort the interpretation of the weak lines, since the 
ttmahmr <rf components and their intensities fitted a spin 
<* |w It *», \U aefore, suggested by Schiller and Brlick 
dw tk mm tmttopes pottea no nuclear spirt, so that each 
rmtlUmti f c nmek for, the kmt ali falling together at the 
amtr* of grmzty of the fine structure pattern and 
apfmmmmg m am The even isotopes form a single line be- 
caama xh* MM tfispfoceroenu are loo small to be measured 
Ofa vJ m mi j the totwty ratio of the central compound 
COKaMMiMM' to tint of the tot*] ,um of the others must 
I* mut llWWt— i w ittjo of the even to the odd isotopes 
Tfc*«wl«iwtoch the cadmium fine structures arise is 
ll The hoe ill imra ted is ys *8,-7 p *P, 
to*T S* drawn to the fact that the fine structures 
Ik toMMtt* are which means that tbe biggest 



odd 


even 


F 



I 

i 


Flo 18 — Undisplaced isotope lino duo to tho oven isotopes m 
the cadmium fine structures Tho tldn lines show the doublet 
multiplot duo to the odd isotopes, and tho thick lino represents 
tho unaffected lines from tho oven isotopes nil falling nt tho 
centre of gravity of the fine structure pattern 
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F values are deepest This inversion ts not to be confused 
with the term inversion which was previously discussed when 
cos (Is) = — i The whole of the fine structures arc 
inverted, as if the nuclear magnetic moment arose from a 
negatively charged nucleus Referring again to the dia- 
gram, the doublet multiplet arising from the split terms 
of the odd atoms is shown The quantum weight of a 
fine structure term is 2F + 1, so that the dotted lines 
indicate the centres of gravity of the split terms The 
dotted lines are the positions the terms occupy in the even 
atoms, for obviously the effect of a nuclear spin is to split 
up a term about its centie of gravity The thick vertical 
line represents the transitions in the even atoms, the final 
resulting line pattern being shown below It is to be 
observed that the isotope effect just described only arises 
from the fact that different isotopes have different nuclear 
spins There is no displacement of the lines of isotopes 
which have the same spin 

Isotope displacement effect 

The so-called isotope displacement effect is of quite a 
different nature and was first found in the thallium fine 
structures by Schtiler and Keyston 0 Thallium consists 
of two isotopes, 205 and 203, the lighter of which is the 
more abundant m the ratio 23 i> Both isotopes have 
the nuclear spin of ^ Fig in, showing the analysis of 
the lme 6 s js , 3 S 1 — 6$ , 7 p reveSs the displace- 

ment effect The line transitions due to the more abundant 
isotope, 203, are shown to the left at A, and those due to 
the less abundant, 205, are shown dotted at B The ob- 
served line pattern is drawn, as usual, below The analysis 
was carried out by the use of frequency differences and the 
careful observation of intensities Each transition in A is 
2‘3 times as strong as the corresponding transition in B, 
so that the analysis is quite certain Furthermore, there is 
no doubt about the value of the nuclear spin which has 
been obtained from other lines which show no isotope effect 
The transitions B should fall into the same system as A, 
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but have been displaced along to the right in order to clarify 
the diagram 

A careful study of the line shows just what the dia 
placement effect is The structure of the 1 P 1 term is the 
same in both isotopes, but there is a small measurable 
difference in the widths of the 8 S 2 structures The most 
marked effect is the bodily displacement of the whole of tin 
x Pi term in one of the isotopes y that is to say* the centie oj 
gravity of the term has been displaced without much appro 
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Fio 19 — Isotope displacement effect in thallium 


ciable alteration of the size of the stiuctuie The lcsull ol 
this is a bodily shifting of the whole hue pattern of the one 
isotope with respect to the other The displacement if 
far greater than that calculated for the simple mass cffccl 
and must be ascribed to some other cause It has been 
suggested that the electric, and not the magnetic, pro- 
perties of the nucleus cause the isotope displacement 
effect, but the motion of the whole nucleus is a more pio- 
bable cause This will be discussed later 



7 6 riN-L STUUCTURL IN LINE SPECTRA 

Displacement in odd mid even isotopes ♦ 

Displacements of this type have been observed m mer- 
cury and ni xmc The case of mercury is particularly 
interesting There nre six isotopes of measurable intensity, 
namely, 198, 199, 200, 201, 202, 204 Both the odd iso- 
topes nave nuclein spins, but the point of interest is that the 
spins diffci, that or 199 being £ and that of 201 being { 
(Other ntoina also have different spins for difterent isotopes ) 
The fine stiucLiirc Icims in 201 arc all inverted lelativc 


Hg,„„ Ho wl 

F 



Fiq zo — Fine structure of tho mercury line 4358 A, showing the 
faotopo displacements* The hntchcd Jitica arise from the 
even Isotopes, the dotted lines from aoi, and the straight 
lines from 199 

to those of 199 Some of the terms of mercury illustrate 
isotope displacement of a more complex nature than that 
encountered in thallium, Fig, 20 shows an analysis of 
4358A In Hg I The four even isotopes do not coincide, 
ns in cadmium, but are relatively displaced (see hatched 
line$). The ODserved intensities of these even isotope 
lipes f*re in excellent agreement with the abundance ratios 
The two odd Isotopes each show the fine structure pattern 
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expected from then respective spins, but in addition, the 
centre of gravity of each pattern is displaced In the 
figure the straight lines belong to 199 anil the dotted lines 
to 301 The hatched lines .ul 198, 200, 202, 204, 
respectively 

The isotopic displacement effect implies that the binding 
energies of the electrons are different in different isotopes 


SV 6x* nxf 



Fio, 2 1 Isotope displacements in the terms ot the fig I, Bpccti mu, 
The displacements in nil tho terms mo In tho same order 110 
those numbered In 6 J So, 


It is natural that different displacements should arise m 
different terms and a table of the isotopic displacements in 
the whole of the mercury spectrum reveals facta of great 
interest Fig 21 shows the displacements which have so 
far been found in the Hg I spectrum 10 The l S 0 Benes 
has big displacements m the deepest term, and these 
rapidly diminish up the term sequence so that by 8 l S 0 the 
displacements can no longer be measured The 7 "S, term 


78 FINE STRUCTURE IN LINE SPECTRA 

also shows a small displacement which diminishes so 
rapidly up the term sequence that it can no longer be 
measured in higher terms Two other terms show a dis- 
placement effect, namely the complex 6 1 P 1 term arising 
from the 5^ 6 s 3 m p configuration, and the 8 1 P 1 term of 
the ordinary configuration The complex term is the term 
shown at the extreme left of the diagram It follows, 
therefore, that regular displacements, falling oft up a term 
sequence, only occur in the 1 S Q and 8 S 1 terms The 8 1 P 1 


202 



FiO 7,2, — Relative displacements of isotopes In tho 6 T* term 
ofllgl. 


term shows displacement because it is perturbed. This 
will be discussed in a later chapter, 

The relative displacement of the individual isotopes in 
one term is also of interest. Fig 22 shows the displace- 
ments arising in the complex 6 term The displace- 
ments In all the terms arc similar, except that the scales are 
different The deepest term is that of 198, ancl the evon 
isotopes are approximately the same distance apart, in the 
order of increasing atomic weights. These are shown 
above the line in Fig, 22 Below the line tho centres of 
gravity of the structures of the odd isotopes are drawn, and 
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it is seen that although the distance between the centres of 
gravity is practically identical with the distance between a 
pan of even isotopes, both the even isotopes aic displaced 
towards the next lightest atom 

Dependence of tsoiopw displacement on electron configtn ation 

In addition to the spcctia of Ilg I , Ilg II , TI I and 
T1 IL, isotopic displacement has also been found in the 
spectra of Pb I , Pb II Cu II , 10 Zn II , 10 Wo I 
The results can be collected into a tabic which helps towauls 
obtaining a clearer view of the pioblcin 


TABLE VII 


Spectrum 

CoLiflmirntloni ulinuluji 
illaplaccmonlfl 

IIrT 

6s m s 

S<7 9 hi* m /> 

IIb II 

Sd 8 6 ;* 

'Ll I 

6 s' mp 

TI II 

$d Q ()p 

Pb I 

6x a * 6 p m [) 

(jj 9 6p in d 

Pb II 

6p° 

6s* (is 


6s 6 6p 

6s' , 6 d 

Cu II 

3^° 

Wo I 

Sd 1 6s ' 3 

Zn II 

3^* 


With reference to the table, it should be pointed out that 
tho displacements usually dimmish on going up a term 
sequence Further, the perturbed tonne of Ilg I show 
nn anomalous effect, and as perturbations arc suspected in 
the Pb spectra, the data from the latter aie ns yet somewhat 
ambiguous It is interesting to note that a complex term 
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configuration such ns 5 d a 6 mp always seems to give a 
large isotopic displacement cftect Most of the other terms 
include an s 2 group, and it may be that this is the cause of 
the displacement The complex terms also have an s 2 m 
then configurations, and it may be possible that some form 
of quantum mechanical resonance takes place when such a 
group is present * This may be perturbed by the nucleus, 
with an effect depending upon the nuclear mass, so that 
isotopic displacements proportional to the isotopic masses 
would take place Hughes and Ecknrt 13 have calculated 
the mass displacement effect for a many-elcction atom, and 


TABLE VIII 


Hg II 

Doublet 

Hg T 

Triplot 

n u 

Doublet 

Til 

Triplet 

Vb II 

Doublet 

Pb I 

Triplet 

— . 

204 


204 


205 

203 


30+ 

20^ 

1 


1 


I 





1 98 


198 


1 

203 

205 


i 

208 

i 

208 


find that the Bohr formula muBt be modified by the addition 
of another term which is proportional to where M is 

the nuclear mass It appears, therefore, that in heavy 
atoms the effect of this mass correction would not be 
sufficient to explam the displacement effects which havo 
been observed The theory yet remains to be worked out 
in detail 

Avery interesting table has been given by Schiller, 14 who 
has traced the isotope displacements which occur between 
the atoms 198 to 308. This table, shown below, illustrates 
how the isotopic displacement changes in the range from 
Hg II toPbl 

* Complex terms are those In which an inner Bhell 18 brokon by 
the removal of an electron 
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The spectra are alternate doublets and triplets In tho 
spectra of Hg I* and Hg II the lightest isotope lies deepest 
and there is a regular upward displacement towards the 
heaviest isotope In the spcctia of Pb I and Pb II , 
however, the displacements are still quite regulai in the 
older of atomic weight, but the heaviest isotope lies deepest 
Thus in both mercury and lead the directions of the 
isotope displacements are not affected by the degree of 
ionisation, and therefore only seem to depend upon the 
nucleus The spectra of thallium differ and are particu- 
larly interesting, for T 1 II , which is next m the sequence 
to Hg I , has the isotope displacement m the same sense as 
that of Hg, namely lightest isotope deepest, but T 1 I , 
which is next to the lead group, has its isotopic displace- 
ment inverted It seems as if, in the group compnaing 
the range of isotopes from 198 to 208, there is an abrupt 
change over from negative to positive displacement The 
change apparently occurs at 204, which is isobanc in lead 
and mercury The dependence of the isotopo shift m 
thallium upon the degree of ionisation is difficult to account 
for The largest isotope displacement in Hg I 13 about o 15 
cm - 1 and in the Pb L spectrum about 0 09 cm 
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CHAPTER IX 


PERTURBATIONS IN FINE STRUCTURES 

In the present chapter an account will be given of the per- 
turbation effects which have been found in fine structures 
Well marked perturbations have been, observed in Hg I / 
Al II Bi IV B The suggestion has been made by 
Schiller and Jones that those of Hg I are analogous to the 
gross structure Beries perturbations which were first ex- 
plained by Shenstone and Russell 4 Fiom a study of two 
electron spectra, the latter investigators conclude that in 
a spectrum with two terms, produced by different electron 
configurations, but with identical L S and J values, these 
terms perturb each other, even although they may be 
widely separated The perturbation shows itself as ail 
apparent repulsion between the terms Paschcn 2 and 
Goudsmit and Bacher have gone further in the explanation 
of the effect It is found that two types of perturbation 
exist One is probably similar to the Shcnstonc-Russell 
effect, but the other perturbation apparently takes place 
when the gross structure multiplet separation is of a 
similar order to that of the fine structure separation Each 
will be discussed m turn 

Total vndths of the structures 

Let us first consider the total widths of the structures 
which arise from two isotopes of an atom In most cases 
when an atom has two odd isotopes, both have the same 
nuclear spin and the same nuclear magnetic moment p* 
In Hg the laotopeB 1^9 and 201 have different spins, 
namely i and the epm being negative in the latter It 
can be shown,® that the total splitting of a term, namely the 
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distance between the extreme F levels for any given gross 
structure term is AW, where 

AW — /x H 0 — when J > I, and 
AW = H 0 2 ^ - when I ^ J 


In these formula II 0 is tlic magnetic field of the optical 
electron at the nucleus, and only depends on the term, 
whilst is a nuclear function The ratio of the magnetic 
moments of 199 and 201, namely and u 201) can be ob- 
tained by comparing the total widths of tne structures of 
the two isotopes in n given term In a particular case, 1 
when J = 1, for 199, 

AW| 00 = 3/ijop H 0 , 

and for 201, AW a0l =* ^ 201 H 0 


Therefoie, 


tula g_ § AW 1Q 0 

Pi 01 9 


From five terms with J = 1 it was found that the total 
Widths of the stmetures are identical, but inverted relative 
to each other, 1 e 


AW 

5w 


100 

901 


I, 


which gives ~ ^ — o 89 

^sioi 9 y 


For terms with 


J « 2 it also folio ws that 

“ 2 *"- °89 

aVY 801 P 201 


These numerical relations hold well m nil the terms 

AW 

examined, except in the 6 a D : term, where ~ — 0 74 

AW 

instead of — i, and in the 6 °D a term, whcie ^^ ^ P =— 1 08 
instead of — 0^89 It is of interest to note that the next 
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member of the senes of the latter term, namely 7 1 D (i) 
has a normal ratio for the spread of the structures m the 
two isotopes 

The centres of gravity of the structures of lines involving 
these terms are displaced and this must be connected m 
some way with the above effect In lines which do not 
show any appreciably large isotope displacement, the 
centres of gravity of the structures due to the two odd 
isotopes practically coincide with the null line formed by 
all the even isotopes However, in lines which involve the 
6 X D S term, the centres of gravity of the structures of the 
two isotopeB practically coincide, but ate both displaced j tom 
the null hie by an amount roughly equal to 0 04 an the 
displacement being to the ted It will be lemembered that 

AW 10j , calculated from this term, is too large On the 
AVY m 

other hand, m lines involving 6 the centres of giavity of 
the structures due to the two odd isotopes again coincide, 
but this time ate displaced from the null line to the violet by 
about 0 06 cm ~ 1 This term gives too small a value for 
AW 

Both these anomalies arise from a perturbation 
which will now be discussed 

Perturbation of F levels 

The perturbation in this case auses from the accidental 
fact that the two terms 6 and 6 3 D A are very close to 
one another The structures in these terms are approxi- 
mately o 8 cm wide and the distance between the centres 
of gravity of these structures is only 3 cm - 1 The whole 
of the perturbations can be completely explained if it is 
assumed that fine structure levels mth the same F value 
repel one another The way this perturbation occurs in 
the 199 Isotope is shown in Fig 23 A very convenient 
fixed point exists from which the perturbations can be 
measured, this is the position of the even isotopes, The 
F value of the even isotope terms in 6 1 D B is 2 (since I ■=* 0) 
and 1 the F value of the even isotope terms in 6°D 1 is i, 
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and as these F values are different, there is no repulsion 
effect between the even isotope components Further there 

normal perturbed 



"v 1 1 

Fro, *3 — Porturbntion effect in the 109 lootopo of mercury 

is no measurable isotope displacement in both terms, so 
that the even isotopes in both terms form single fixed points. 
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The fixed points are shown in the diagram by the thin 
dotted lines which are marked C G , since they are the 
centres of gravity of the unperturbed terms Considering 
now the 199 isotope, the two fine structure levels which 
have the same F value, in this case 3, repel each othci from 
the zero points by the same amount The thick lines at 
the left of the figure show the normal levels, and the dotted 
lines at the right the perturbed levels The drawing is 
to scale, the units # being milhcentimetres _1 The thick 
vertical arrow shows the two levels which repel each other, 
and It will be observed that, as the upper levels arc inverted, 
the upper structure becomes narrower, and the lower struc- 
ture wider Since the levels of 6 9 D 1 shrink together 
because of the perturbations, tbe ccntic of gravity of the 
fine structure pattern due to Hg 199 is moved up 72 mems ~~ l 
Correspondingly, as the lower term is widened, the centre 
of gravity of the pattern is moved downtvaids i m 

this case 43 units, eo that a nett displacement of 29 units, 
towards the violet, is obtained 
The perturbations in the structures of isotope 201 arc 
a little more complex because the nuclear spin is greater 
and thus the fine structure multiplicities are also higher 
The perturbations are shown in Fig 24, the notation being 
the same as in the previous figure For clarity the dis- 
placements of the centres of gravity have been omitted 
Only the levels with F equal to % find their counter- 
parts in both the upper and lower structures, so that the 
repulsion only takes place between these IcvcIb As in the 
previous case, the levels with the same F values are both 
repelled from the unperturbed position by the same amount 
For F ^ £ the upper level moves up, and the lower down, 
by a distance equal to a — 42 me ms ~ x The F ^ 
levels displace by b = 56 mcma ~ l and the F = J levels 
by c = 78 memsr 1 The value of the displacements ts such 
that the interval rule still holds in the upper term struc- 
ture f owing to the fact that the lower F » £ level is not 

# A convenient unit to adopt is the millicentimetro" 1 , which 
Can be written as mcm - 1 , 
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Fig 24 — Perturbation effect m the aoi Isotope of mercury, 
showing how the Interval rule breaks down m the perturbed 
6 'Dg term 
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perturbed the interval rule necessarily breaks down for the 
lower term as a whole 

It 19 at once apparent from the values of a, b, c that 
the perturbation is some function of F, and as the perturba- 
tion is different in Hg 100 the effect must also be cfependent 
on the value of I or ^( 1 ) Fig 24 shows that the F = £ 
levels are much closer together than the F = Jj. levels, yet 
the perturbation in the Tatter pair is greater than in the 
former Furthermore, the value of the displacement in 
the F = £ levels of Hg m is about twice that of the dis- 
placement m the F = 4 levels of Hg a0I , although the latter 
are nearer together 


The perturbation effect just described explains all the 
anomalies in the term structures The values of the total 
splittings of the terms are so affected that the ratios of 



with the calculated values when the perturbation is taken 
into account The displacements of the centres of gravity 
of the structures of the odd isotopes arc completely 
accounted for, and the break-down of the interval rulem the 
term of Hg g01 isotope is thus explained Perturbation 
only seems to tahe place between levels mth the same L and 
F values 

Isotopic displacement perturbation 

Reference to Fig 21 reveals the interesting fact that the 
8 1 Pi term in Hg I has an anomalously large isotope 
displacement effect in all the isotopes This is doubtless 
associated with the fact that this term is perturbed by the 
5-r 3 6^ 6 p 1 P 1 term shown at the left of Fig 21* The 
whole of the 1 P 1 senes of Hg I is perturbed from the 8 1 P 1 
term upwards, because of the presence of the 6 1 P 1 term from 
the complex configuration As both terms have the same J 
value, the even isotopes have the same F value and so per- 
turb each other The perturbation is porportional to the 
mass of the atom bo that the even isotope lines are regu- 
larly displaced It is possible that some observed isotope 
displacements are perhaps related to perturbations. 
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Theory of perturbations 

Extensive perturbations in A 1 II have been observed, ancl 
explained by Paschen a Accoiding to Paschen, when the 
coupling between I and J (which determines the total 
widths of the fine structure pattern of a term) ib of the 
same order ns the coupling between L nnd S (which deter- 
mines the gross structure multiplet width) then a per- 
turbation sets in Effectively it is as if the nuclear magnetic 
field were sufficiently strong to affect the coupling between 
L and S, and, vice versa, the electron magnetic field per- 
turbs the IJ coupling (More correctly, it is as if the 
Paschcn-Back effect sets in on both the structures ) 

The theory is beautifully verified by Paschen’s observa- 
tions m A 1 II By examining successive members of a 
series, he showed that the perturbations begin to occm 
when the expected fine structure pattorn becomes wldci 
than the multiplet separation In the term Berics 
4. 1 F a — wG, the lower senes numbers up to 8G show no 
trace of structure, but beyond this, the terms 8G, nG, 
10G, irG, show a fine structure practically indepenclent 
of n> The terms change m character nnd partake of both 
singlet and triplet properties Furthermore the J values 
are completely undetermined between the values 5, 4, 3 
The constancy of the structures is due to the fact that the 
g electron contributes very little for the high n values, 
and in effect the structures depend only on the value of the 
structure of the 3$ B S i/ B term of Al III , 1 e, on the structure 
of the ion of Al II 

If the above theory is conect, then it can be shown that 
forbidden lineB should appear, 1 e the J selection pilnciplc 
should be violated, and this is found to be the case Pnschcn 
also explains the porturbation in Hg L os a Zcomnn effect 
The perturbing terms here are 6 X D 2 and 6 a D lt nnd as long 
ago as 1903 Rungc and Paschen found that these tcrmB 
snowed asymmetrical Zeeman patterns lie is of the opinion 
that the repulsion effects reported by vSchtller and Jones 
are not a resonance phenomenon, but are just what would 
take place if the perturbation was a Zeeman effect Goudsmtl 
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and Bacher 9 have given a more extended theoretical treat- 
ment of the effect The theory predicts the existence of 
forbidden transitions when perturbation occurs Where 
only two levels of the same F value are apparently repelled, 
then if 8 is the displacement from the null position, and if A 
is the actual separation of the two perturbing levels, the 
ratio of the intensity of forbidden transitions I to allowed 

I 8 

transitions I 0 is given by the formula j- = In 

Hg I this is only true for the odd isotope terms, for there 
la no perturbation in the even isotopes It follows from the 
theory that transitions should take place from 6 l D a to 
terms with J = o, and from 6 8 D 1 to terms with J = 3 
It is of particular interest that the line 6 d , 1 D fl — 7 p 3 P 0 
actually occurs and when examined for fine structure it 
13 found that the even isotopes are entirely missing 7 
This is a valuable proof of the theory, which demands 
forbidden transition in the odd isotopes only 

Intensity perturbations 

The intensities in fine structure components can, of 
course, be modified by self absorption, but this cannot be 
regarded as a true perturbation effect Intensity per- 
turbations have only been, found m a hollow cathode 
discharge in cadmium when the exciting currents are high 8 
In certain lines the transitions which involve the highest F 
value of the upper term are relatively strengthened This 
effect is not due to self absorption, and has not yet been 
explained 
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CHAPTER X 

NUCLEAR SPINS 


TABLE IX 


Atom 

H* 

H* 

He* 

Li* 

C* 

N* 

O* 

F* 

Ne 


Cn 

Mn 

Fe 

Cu 

Zn 


Atomic Nuclear 
weight spin 

r 4 

2 I 


40 

55 

56 

63 

65 

It 

67 


o 

0 (?) 

ft 

9 

O 


Reference 

1 

33 
3 

2 


7 
12 

4 1 

16 O 

19 4 

20 o 

22 0 


r 


} 


Na* 

33 

4 

7 

St) 

121 

i 133 

Mg 

34 

0 

6 

I 

123 

i or J / 2 2 a 

A1 

27 

i 

9 

127 

\ . 4 * 

P* 

31 

i 

10 

Xc 

129 

~4 1 39 

S* 

32 

0 

3 

Cs 

131 

) / 

Cl* 

35 

i 

1 1 

133 

5 23 

K* 

39 

* 

12 

Da 

1 35 

S 1 24 


13 

14 

15 

16 

1 

34 



68 

0 J 

Au 

197 

n. 

? 

Gr 

69 

t \17 

Hg 

196 

O 


7i 

i J „ 


198 

0 

Ab 

75 

4 18 


199 

i 

Dr 

79 

! I 1 !) 


200 

0 


81 

1 J 


201 

-a 

Kr 

83> 

-l 3 1 


202 

0 

Rb 

85 

t \w> 


204 

0 


87 

• 7 

TI 

201 

4 

Sr 

|7> 

-I UG 


305 

I 


88 

0 / 

Pb 

204 

0 





ZOO 

0 





2°7 

i 





208 

0 




Di 

209 

i 


A lorn 
Cd 


In 

Sn 


Atomic Nuclonr 
weight Bplil 

I 10 
1 1 1 
1 12 
113 
1 T 4 

1 15 

116 

::z 

119 

120 


o 

-4 

o 

-4 

o 


Roforcnrc 

21 


Ln 

Pr 

r la 

Re 


136 

137 
i3» 
1 39 

!i! 

t«s 

.87 


,39 


01 
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The table contains all the values of the nuclear spins known 
up to date A list of authorities has been quoted, but this 
m i>ot meant to he complete, since many papers have often 
been published on one atom Some of the more important 
pttpe** are given, and cross references in the papers them- 
seJvt* will easily lead to the rest The asterisk indicates 
ihoac atoms wherein the spin has been deduced from band 
ipectrum observations It is apparent from the table that, 
with the exception of nitrogen and the rare H 1 isotope, all 
the observed even atomic weight atoms possess a nuclear 
»pm of wto Without band spectrum observations, it is 
to tell whether the absence of fine structures is 
due to a zero nuclear spin or to a small £(I) factor It 
follows that the zero values are only quite certain m the 
cue* where band spectrum observations havo been carried 
out, a doubt alwavs remaining in the others There seems 
to be ray bttle regularity in the values of the apm Schiller 
and Kaltoan * l have attempted to show that an elementary 
regularity costs, and they concluded that high nuclear spins 
m tmky associated with single isotopes, and that, excluding 
memory, in any atom with two odd isotopes, both have the 
name tpm vahie Additional data have appeared since 
tfecat regutanuct were proposed , it has been found that 
krypton (with many isotopes) has a spin of > {, whilst 
Hg, X* end Rb patacas two odd isotopes and have different 
H*ra * L Very abrupt changes in spin value take place when 
from ooe odd atom to the next, and negative and 
pm ti iw* ittfan do not appear to be in special groupings 

a& the Tafacs given in the table are known with the 
deertt of certainty Particular difficulty is cx- 
pmccscetT with kwh and with zero values When I is 
mffi «hr complete toe structure multiplicity is only reached 
J > I , sod th« n usually \ cry rare Hence intensity 
MtoumiJUiH, or the in terra! rule, must decide the I value, 
mi U m often difficult to obtain an unambiguous deter- 
®fr**aw* The (Question of zero spin with most even 
ft® tHtomtt open The subject will be discussed 
SB mm i*r on midetr magnetic mo ments 
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CHAPTER XT 


NUCLEAR MAGNETIC MOMENTS 

Magnetic and mechanical moments 

We have already seen that the number of fine structure 
levels in a teim depends upon the value of I (provided that 
I > J) The width of the structure is determined not by 
the mechanical moment, but by the magnetic moment of the 
nucleus The effect of the nuclear mechanical spin is to 
create a nuclear magnetic field, which, coupling with the 
magnetic field produced by electron spin and orbital 
moment, gives the observed fine structure pattern The 
coupling theory hnB been dealt with in earlier chapters, but 
it is at once nppnicnt that the size of the structure is 
dependent on the value of the nuclear magnetic moment 
It will be shown later that in favourable cnees this moment 
um be calculated from the observed fine structure patterns 
It will be recalled that the phenomenon of alternating 
intensities m band spectra arises from the existence of the 
mechanical moment I , whilst the widths of the fine structures 
m the line spectia depend (amongst other things) upon the 
magnetic moment, i e , on g(\) (see page 37) Cases occur 
whore nn atom has a definite value of I as revealed by the 
band spectium, yet no fine structures nre observable, even 
m terms involving penetrating electrons The conclusion 
must be made that the nuclear magnetic moment is small, 
flo that no measurable structures exist, Associated with 
this is the problem of the reported zero spins for so many 
even isotopes All that lias really been observed, in lute 
spectra, is that the even iBotope lines show no structure 
Band spectrum observations in He 4 , C 1! , O 16 , S* 1 , prove 
thnt these four even atoms have zero spin, but attention 
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may be drawn to the fact that these atomic weights are 
divisible by four The assumption has been made that 
because these four even atoms are known to possess a zero 
spm, therefore the absence of structure m other $ven 
isotope lines is also an indication of zero spin* This may 
not be true It is quite possible that some even isotopes 
may have a mechanical spm but have extremely small 
nuclear magnetic moments This is certainly the case with 
N 14 and with H 2 This point cannot be over-emphasised, 
for unfortunately a tendency has grown up in which workers 
have unquestioningly assumed that absence of structure 
in even isotopes means zero spm 

Magnetic moment of the proton 

The value of the magnetic moment of the proton is of 
particular interest, for it will later be shown that theories 
of nuclear spin have been proposed which attribute the 
nuclear magnetic properties to protons and neutrons It is 
apparent from the iclatively small values of the nuclear 
spina is the greatest observed with certainty) that only a 
very limited number of the nuclear piotons or neutrons 
contribute to the spin It may be possible, therefore, to 
correlate the value of the proton or neutron magnetic 
moment with nuclear magnetic moments in general, and 
indeed attempts to do this have been made 1 A value of 
the magnetic moment of the proton can be deduced from 
very simple considerations, Both electron spin and 
proton spin are but as the protonic mass is 1836 times as 
great as the electronic mass, the magnetic moment of the 
spinning proton should be that of the electron, 1 e 
nr a Bohr magneton It has been pointed out before 
that the doublet separation m gross structure multiplets is 
due to the electron magnetic moment, so that on this basis, 
to a first approximation, fine structures should be 2000 
times smaller than the gross structure width 

The magnetic moment of the proton has recently been de- 
termined experimentally by Estcrmann and Stern 2 by means 
of n very refined improvement of the Stern-Gerlach expen- 
merit In this experiment a beam of atoms 01 molecules is 
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passed through an intense non-homogeneous magnetic field, 
and the deflections that the beam experiences enable the 
magnetic moment of the particles of the beam to be cal- 
culated Moleculm hydrogen exists in two states, para 
and ortho, it\ one of which the electron spins oppose and 
in the othci assist A beam of hydrogen was used in which 
the electron spins cancel out, so that the magnetic moment 
due to the protons could be observed, and it was found 
that the proton magnetic moment was s 5 (± 10 per cent ) 


times that expected, 1 c Thus if the magnetic 

moment ie \jl and the nuclear spin I, then p = I £(I), 
piovuling the correct units are employed, /a is expressed 
, eh 

m theoietical proton magnetons that is to say, the 

Eoln electron magneton divided by the nuclear mass M 
By analogy with the electron g value, one expects foi n 
proton that I — ^ and fi =: 1, so that £(I) would be 2 
Experiment, however, shows that ft for the proton is 2 5, so 
that *(I) = 5 

The magnetic deflection method of calculating the mag- 


netic moments has, bo far, only been used in a few cases 
It is vciy important, since it is a direct method, and it is to 
be hoped that it will be extended in the near future 


Calculation of nucha} magnetic moments. 

The calculation of nuclear magnetic momenta from the 
data of hypeifine structure has been given by Goudsmit 4 
As wo have already seen, the coupling energy between 
election and nucleus determines the total splitting, and 
this is given by 

W - A I J cos (I J) = JA[F(F + 1) 

— J( J + 1) — 1(1 + x)]. 

When an alkali-like spectrum (a single optical electron) is 
under consideration, then the interval factor A is that of the 
optical electron a* 
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Coupling theory shows that 


Ra s z a 

a “ n\l -|- i)J(j + i) 


S( I) 
1836 


cms 


In this formula R 19 Rydberg‘8 constant, v* is the spectro- 
scopic doublet constant, z is the nuclear charge, n the total 
quantum number, 1 and j have the usual significance, and 
g(l) is the numerical ratio of the magnetic to mechanical 
moments 

When the case of a penetiatmg election is considered, 
the formula is altered and a relativity coriection has to be 
applied The final formula for the £(I) factor in the case 
of a penetiatmg s electron la 


*(!)« 


a V 1836 
8Ra a Z,zVK(jZ/) 


It will be seen that only two changes have really been 
made w 0 is the effective total quantum number of the 
term, winch is easily obtained if the absolute term value is 
known z 8 has now been replaced by Z,z 0 2 , in which z 0 is 
the effective nuclear chaige in the outer portion of the 
electronic orbit and Z { is the average effective nuclear 
charge when the electron is passing through the inner 
penetrating portion of the orbit For a neutral atom z 0 — 1 , 
for a singly ionised atom z 0 = 2, etc In heavy atoms ancl 
deeply penetrating orbits the electron approaches so closely 
to tne nucleus that practically all the screening effect of the 
outer electrons is reduced to /eio The effective may 
thus be taken as approximately equal to the atomic numbei 
The relativity correction K(jZ^) depends upon j and Z,, 
and a table of values for K has been calculated by Goudsmit 
As an example of applying the foimula, the following 5 
calculation of the ^(1) Factor of tin will now be given 
The nuclear spin of tin is J and the 65 a Si/ t term (odd 
isotopes) is a doublet o 207 cms -1 wide Tne F values 
of the fine structure levels ate 1 and o, so that the fine 
structure separation is the interval factoi, Hence 


A =- a — — o 207 cm ^ 


7 



q8 fine structure in line spectra 

The n 0 for 6* 2 Si/, in tin is 2 685, and R = 109,737 The 
effective inner charge T L i is 50, which is the atomic number 
of tin, and as the Sn II spectrum is under consideration, 
z 0 — z The relativity correction for j = £ and Z* = 50 
is 130, and the spectroscopic doublet constant has the 
value 5 305 X io -5 On substituting these data, one 
obtains g(l) = — 1 78 Since I = J, and as ft = I £(I), 
the nuclear magnetic moment is — o 89 Bohr proton mag- 
netons, or -t^Yq- that of the electron 

The formula utilised above is only to be used with s 
electrons, and when other relatively non-penctratmg orbits 
are studied, a different formula is required, and has been 
deduced by Goudsmit as follows — 


£(I) = 


+ i)(l + j) A( 1 ZQ 
Av 1(1 + 1) K(jZ,) 


1836 


£(I), a, Z {t j t 1 , K, have their previous meanings , A(IZ^) 
is a relativity correction depending upon the l value, 1 e 
on whether p , d ) or / electrons are involved Av is the 
8pm doublet separation Thus, if a 6 p electron is undci 
review, then Av is the separation between 6 p 0 P*/ t and 
6 p a Pi/„ and similarly for other electrons With p clecti ona, 
Z i is not equal to the atomic number Z, but throughout the 
periodic table it has always been found that Z< Z — 4 
As this 1a always a little uncertain, the ^(1) values calculated 
from p electrons may be too small 
When the terms arise from complex electron configura- 
tions, the separate electron interval constants (see page 63) 
must be obtained before the ^(I) factor can be calculated 
Uncertainty often arises here, so that many calculated £(I) 
factors are only approximate 


Observed £(I) factors 

Since the magnetic moment /x is I ^(1), and aa I differs 
from atom to atom, a table of £(I) factors may be more 
useful than a table of /x values Most of the values given 
in the following table have been calculated by Goudsmit. 4 
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TABLE X 


Atomic £(I) Factors 


Atom 

I&QlOpO 

g(I) Referanco 1 

Atom 

Isotope 

*(I) Rcfercnoo 

H 

I 

5 

2 

In 

H 5 

T 2 

4 


2 

<2 s 

3 

Sn 

117 

■—I 78 

5 

Li 

7 

2 IQ 

4 

Sb 

119 

— 1 78 

5 

N 


<0 2 

6 

121 

I I 

4 

Na 

33 

I 4 

4 

Cs 

123 

0 6 

4 

Al 

27 

42 

4 

133 

07s 

10 

Cu 

63 

1 7 

4 

Bn 

137 

0 6 

10 

Ga 

6S 

1 7 

4 

Hg 

199 

1 1 

4 

69 

1 34 

4 

T 1 

201 


4 

At 

7 i 

1 70 

4 

203 

4 

S 

0 6 

4 


205 

3 6 

4 

Rh 

05 

4 

Pb 

207 

1 2 

4 

Cd 

37 

1 8 

4 

Bi 

209 

0 89 

4 

in 

-1 33 

4 






113 

1 33 

4 






In addition to the table it may be mentioned that Kr 7 baa two 
isotopes whose magnetic moment iatio is — i i and nlso 
that Sr a7 has a larger B magnetic moment than its isobar 
Rb 87 

Two other facts of interest are connected with the 
magnetic momenta of the nuclei The first is that a gioup 
possess negative spins, that is to say the magnetic moments 
associated with these nuclei are such as if negatively charged 
nuclear particles and not protons were responsible The 
nuclear spin interacts with the J values to give completely 
inverted fine structure patterns Table XI shows the 
atoms known to have negative spin — 

TABLE XI 


Mom 

H S 

Xc 

Sn 

Sn 

Cd 

Cd 

Sr 

Kr 

At weight 

201 

129 

119 

1 17 

113 

III 

87 

83 

Spin 

—5 

-i 

-i 

-i 

-i 

-i 

>-} 

>-5 


The second fact of interest m connection with the nucleal 
magnetic moments is that several atoms appear to have 
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abnormally small g(l) factors D For instance nitrogen, 
phosphorus, chlorine, potassium and silver show no trace, 
or almost no trace, of fine structure in their spectra, although 
the Imes examined involved penetrating electrons m each 
case On the other hand, the band spectra of the molecules 
of these atoms show the phenomenon of alternating 
intensities, and measurements of the nuclear mechanical 
moments have been made from these It follow that 
although these atoms have quite definite nuclear mechanical 
spins (in Cl it is as high as &) yet the nuclear magnetic 
moment must be very small, otherwise fine structures would 
be visible These anomalously small g(l) factors will have 
to be taken into consideration in any complete theory of 
nuclear spin 
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CHAF1ER XII 


THEORIES OF NUCLEAR SPIN 
General consider allow 

At the present time it is generally considered that the 
nuclear constituent particles are v particles, protons and 
neutrons , in addition there is clear evidence of the existence) 
in nature of positive elections Many different theories 
have been proposed, with the object of accounting foi 
nuclear spina, but the difficulties arc gieat and advance has 
been slow It has long been known that the proton has 
a spin of ^ and Table IX shows that half integral nucleai 
spins are invariably associated with odd atomic weights 
Heisenberg 1 is of the opinion that all nuclear electrons 
arc bound up to protons in the form of neutrons It has 
been shown theoretically, that the electron when inside 
the nucleus loses its spm, fl and Heisenbeig concludes 
that the neutron retains the Bame mechanical spin «b the 
proton, namely £ Since the nuclear spin of the helium 
atom is zero, it follows that a particles have zero spin, and 
as nuclei are composed of a particles, protons and neutrons, 
the nuclear mechanical moment must arise from neutrons 
or protons, or both 

The most striking fact about the nuclear spin values is 
that, although a heavy atom must be built up out of n very 
large number of particles, yet the greatest spin observed 
is 4, and the majority are much smaller This pioves 
that only a few of the nuclear particles contribute to the 
spin, Two suggestions have been made to explain this 
The first is, that in the nucleus, closed proton and neutron 
shells exist analogous to closed outer electron shells. On 
tins view it is only the outer unbound neutrons, or protons, 

IOI 
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which contribute to the nuclear mechanical nnd magnetic 
moments The second view is that practically nil the ncut- 
10ns and piotons unite to form a pm tides whcic possible, 
and only the odd one produces the spin properties 

Proton-neat) on configura ft ons 

Some preliminary attempts have been made by White J 
and by Bryden 1 to give a theory of nuclear spins on the 
basis of proton-neutron configurations Both these authors 
assume that each particle has a spin of •£ and, in addition, 
an orbital angular momentum exactly analogous to elec- 
tronic orbits They assume that nuclear paiticlc shells 
will be built up in the same manner as electron shells 
There will be s nuclear particles with l vnluc o, p particles 
with l value i, etc On this basis a table of nuclear particle 
configurations can be built up This will result in “ nuclear 
terms ” and the comparison of the J values of the deepest 
term in each configuration seems to agree with the nuclear 
spin It was, therefore, pioposed that the nuclear spin I 
is actually the equivalent of the J of the electron system 
The table, due to White, is shown below nnd jt will be 
seen that no attempt is made to distinguish between proton 
and neutron 



TABLE XI r 


A taiu 

Configuration 

nco|«it alnto Spin 

IT 

IS 

* 

IW 

IJ a 2J a 

Li 7 

U* 2 S 7 2/> 3 

& 

C 11 

If 1 2 S* 2 p Q 3* 3 

N M 

IS 5 2I 3 2 P* 3f a 3 />* 

»p, 

Ql« 

l* 8 2f f 2 p* 3 S* 3/> 4 

•p. 

F 11 

is 7 2J fl 2 p° 3j 8 3/> 6 4^ 



A more general configuration system has been proposed 
by Gapon and Iwanenko, 6 and by Bartlett 8 Heisenberg 7 
showed that nuclear particles requir zfive quantum numbers 
to describe them, and from this it follows that the number 
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of particles in a shell 13 not 2(2 1 + 1) as m extra nuclear 
system (which is assumed above) but should be 4(2! +1) 
Gapon and Iwanenko therefore assumed that closed shells 
aie formed, as in extra-nuclear electron systems, but that 
each contains 2(21 + 1) neutrons and 2(21 + 1) protons 
Starting with an a particle as the beginning, then up to 
G 16 alternate neutrons and protons are added, and it is 
found that one obtains only the isotopes known to exist in 
nature A new shell begins at O 10 and after this neutron, 
neutron, proton, proton, are added up to A 30 , and again 
only existing isotopes are predicted As an example, the 
first group is shown m the table In the arrangement a 
particles have lo9t their identity, but the compound gioup 
of two neutrons and two protons remains impoitimt It 
has not yet been found possible to predict nuclcai spins 
unambiguously from this table N and P rcpicacnt 
neutron and proton respectively 


Shell 

NT 

N P 

N P 

N P 

N P 

N P 

N P 

N P 

N P 

N P 

N P 

N P 

N P 

N P 

is 

2 a 

2 a 

a 2 

a a 

a a 

a a 

2 a 

a a 

a a 

a a 

2 3 

2 2 

a a 

2 a 

2t 


T 

1 1 

a x 

3 2 

a a 

a a 

a a 

2 2 

a a 

a a 

2 2 

2 a 

a a 

2 P 






1 

I X 

a x 

a 2 

3 a 

a 3 

4 3 

4 4 

5 4 

Atom 

Ho 4 

He 4 

Li 1 

LP 

w 



B 11 

C 19 


N u 


Q10 

O 4 ’ 


Single particle theory 

The theory that the spin is due to n single paiticlc has 
been put forward by Land£ 8 There are two types of odd 
atomic weight atoms, namely those m which the nuclear 
charge is odd, and those in which it is oven Heisenberg 
considers that the nuclei of the first group possess a particles, 
an even number of neutrons, and one unbound proton, 
whilst the second group possess a particles and an odd 
number of neutrons, that is, at least one unbound neution 
For the first group Landd assumes that the single odd 
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unbound proton is entirely lesponsible for the total nuclear 
mechanical and magnetic momenta The spin of the proton 
is and tins may combine with the orbital angulai moment 
1 to form the nuclear spin I such that I may be eithci 
1 + J or 1 — l Fiom this Land<* shows that the ^(1) 
factor m given by 


- 1(1 + i) + 1(1 + I) - 8(S + 1) 1 

al(l + 1) J 

J a r S ( 8 + 0 + 1(1 + l) — 1(1 + i) 

"^■L 2l(I+l) 


In this formula 8 = ■£ is the proton spin, and g x must bo i 
py is the magnetic factor of the proton, and according to the 
Stern-Gerlach experiment should be approximately 5 ± 0*5 
Land 6 finds, however, that if he takes it as equal to 4 he 
can predict with a fan degree of certainty a mimbei of the 
experimentally observed factors On substituting values in 
the above formula he obtains the following table of g(I) 
factors — 


TABLE XIII 

1 I 1 i $ 4 

1 

0 

1 

3 

3 

4 

5 

It is obvious that any nuclear spin I can only arise from 
one of two I values, namely l zL i It is then an easy 
matter to select the £(I) factor winch fits closest to the 
experimental value, and no ambiguity arises, 011c value 
being more, and the other less than unity The result of 
applying this to the observed p( I) factors is shown in the 
following table — 
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TABLE XIV 


Atom 

Spin 

f(I) observed 

ff(l) calculated 

1 VllllL 

Li 7 . 

ti 

y 

2 ly 

Z 

I 

AI" 

J 

4* 

4 

O 

C u «a, 

I 

1 7 

2 

I 

Gn a0 

ji 

j 

1 34 

? 


Gn 71 

n 

j 

T 70 

? 


Aa 78 

H 

0 6 

04 

2 

Rb 88 

a 

u 

0 5 

0 57 

3 

Rb 87 

n 

a 

iS 

2 0 

1 

In lia 

a 

M 

! 1 2 

i 33 

4 

Sb 181 
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1 1 

1 6 

2 

Sb"“ 

? f 

0 (i 

0 57 

3 

fpjMS, 500 

l 

3 6 

4 

0 

Di" 9 

it 

V 

0 8y 

0 73 

5 


Considering the imperfection of the theory used in the 
calculation of the value of £(I), and the uncertainty in the 
value o[g a for the proton, the agreement between observation 
and prediction is very good in most cases There arc 
certain exceptions which necessitate a further assumption 
which will be discussed later 

The above theory has been extended to include the otliei 
type of odd atomic weight atom, namely that in which the 
nucleus haa an odd number of neutions 0 In this case the 
gi factor is obviously zero, for the neutron has no magnetic 
moment due to its oibital motion The best fit with the 
observations is obtained if the spin g factor for the neutron 
g t is taken as — 1 a This means that the ncution has a 
negative magnetic moment of — 12 X J = - 06 mag- 
netons When ^(I) factors are calculated on this assump- 
tion, it is found that they are sometimes positive and 
negative, as shown in Table XV 

It follows that the difficulty about the existence of neg« 
ative nuclear spins disappears Actually, however, it has 
been found necessary to modify the theory somowhat, and 
to assume that in some cases ns many as three nucleai par- 
tLcles can contribute to the spin, Tamm and Altschuler 10 
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consider that sometimes a pair of neutions docs not form 
a dosed shell with zeio spin, but add up to give a spin of i 
This spin then combines with that due to the lcmainmg 
odd proton or neutron, as the case may be, and if the latter, 

TABLE XV 



4 

V* 

o 

— 12 


I 

H 04 

-04 

2 


1-0 21- 


the three neutrons always give a spin of j Tins assump- 
tion doubles the possible numbeL of g(l) factors that can be 
calculated for a given nuclear spin, as shown in the 
Table XVI below — 


TABLE XVI 



\ 

a /i 

O 

"12 

— 12 

I 

+ 04 — 2 0 

-04 -08B 

2 

H 1 2 

d 0 24 -024 

3 


H- 0 72 


Comparison between the theoietical and expci i mental 
values is made in Table XVII 

In those atoms with the nuclear a value J only a single 
neutron contributes, whilst in the caeca wheie a •= Jj tluce 
neutrons are involved 

This theory is, of course, as yet incomplete, but so fat 
the results agree to a surprising degree with the observed 
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values The value adopted for the magnetic moment of 
the proton, namely 2 magnetons, differs somewhat from 
the value 2 5 obtained by the Stern-Gerlach experiment 

TAI 3 LE XVII 


Atom 

1 ” 

S(I) observed 

g(I) calculated 

1 

Cdm 

i 

— 1 1 26 

— I 20 

O 

hlgjtu 

n 

> 

— 0 41 

-04 

t 

Sn 11( 

i 

— 1 90 

— 7 . 0 

I 


H 

S 

b 0 63 

b 0 72 

1 

Wgno 

i 

h 1 10 

-| I 2 

2 

Pbjo? 

i 

H- 1 20 

1- I 2 

2 



on molecular hydiogen rays, and fiom the value 3 2 given 
by atomic hydrogen rays Of great interest is the fact that 
the neutron possesses n negative magnetic moment that m 
sudi as would be produced by a negatively charged put licit 
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APPENDIX I 

FINE STRUCTURE ZEEMAN EFFECT 

Tins will be only described very briefly, more detail being 
given elsewhere 1 The complete Paachen-Back elite t is 
the simplest to consider In this, the external magnet n 
field is so strong that its coupling with I and J is great 
enough to break the mutual interaction of I and J It 
can be shown that, to a first approximation, the Zeeimm 
pattern is the same as that of an atom when no nuclcai spin 
is considered, that is to say, the line will be split up mm 
its usual Zeeman components The introduction of a 
nuclear spm affects each of these Zeeman component h 
slightly and this can sometimes be detected The total 
interaction energy of the atom with the field PI is 

W s=* 0[lHi £(I) + + A IJ COS (I J), 

where 0 is the Lorentz unit g ib the oi dinnry elt < 

tronic £ factoi, /*(!) the nuclear factor, and mi and ntj tlu 
projections of I and J along PI Averaging the comm 
term reduces the expression to 

m{Og + A im) 

iiti can assume any of the il + i integral or half intogial 
values between + I and — I Hence, each Zcutinn 
level , which without the spin is single, now splits up mlu 
2l + i components equally spaced by the distance Amj 
The only transitions allowed are those in which mi dot* 
not change, so that each gross Zeeman hie Bphla into 
zl + i fine structure Zeeman lines For two lermft «1 
and J' the separations will be Amj — A'vij / The A mid 
A' values can be calculated from the (ino atmctuftH wlneli 
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arise when there is no magnetic field, nnd f//j 
— } for both states when parallel components nr 
lienee, the separation can he predicted The 
components gives the simplest and most sntiaf 
of obtaining the nuclear spin Thus, in Bi I , 
Zeeman theory was beautifully verified, each gr< 
component consisted of io lines As tlna is 2 
i = ; 

If incomplete Paschcn-Back effects exist, t 
becomes cxtiemcly complicated, but the es 
evidence seems to agice very well with theory, 1 
extent that the noimally unbidden transition 
is to be expected when external fields are npplicc 
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OTHER EXPERIMENTAL METHODS 


Very brief mention will be made here of two vciy icccnt 
methods of obtaining unclear spin data by means othci 
than that of fine structure 

frt) From the study of the polausation of resonance 
radiation 1 it lias been found possible to calculate tho un- 
resolved fine structures occurung in the upper terms of 
the sodium D lines The separation given is extremely 
small and of the ordci of 5 X io " 4 cm -1 , a separation 
totally impossible to resolve by spectroscopic means 
From investigation of the Paschen-Bnck effect of the 
polansed resonance radiation, Ileydcnburg and Ellct 2 

are able to find the magnetic moment of sodium as 

2 , 8 

whilst fine structure data give which is a highly satis- 
factory agreement 

S By a refinement of the Stem-Gcrlach expci iment 
s been found possible to calculate nuclcnr spins, and 
Rabi and Colin have succeeded m finding the nuclcai spin 
of a number of atoms by this method a An atomic beam 
is passed through an inhomogeneous magnetic field and 
from the shape of the 3tcm-Gerl£)ch pattern, the nuclear 
spin can be calculated 
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